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A B S T R A C T
Classification in Paralympic athletics aims to promote participation by people with disabili-
ties by minimising the impact of impairment on the outcome of competition. Achieving this
aim will ensure successful athletes are those who have the most favourable physiological,
anthropometric and psychological attributes and not simply those who are less impaired
than their competitors. The aim of this program of research is to make a scientific con-
tribution to the development of evidence-based methods of classification for Paralympic
running and throwing events.
Section 1 describes the key concepts of Paralympic classification. Evidence-based meth-
ods of classification require research that evaluates the relative strength of association be-
tween valid measures of the impairment performance. A valid measure of impairment
requires several measurement properties, one being that it should be resistant to training.
Unfortunately it is likely that available measures of impaired strength and coordination will
improve in response to athletic training, creating the possibility that well-trained athletes
may improve their impairment profile and subsequently be competitively disadvantaged
by being placed into a class with athletes with less severe impairments than themselves.
Therefore a second research requirement for evidence-based methods of classification is
the development of tests that will permit classifiers to determine the extent to which an
athlete may have positively influenced their impairment profile through athletic training.
These are referred to as Training Assessment Tests (TAT) which should be highly responsive
to training and have a significant relationship to performance.
Section 2 is entitled “Measurement methods for evidence-based classification in Para-
lympic Athletics” and comprises two chapters, chapter 3 for coordination and chapter 4
for ROM. Each describes the current measures of coordination and ROM available, which
do not permit evidence-based classification. Therefore chapter 3 describes seven novel up-
per and lower limb coordination tests for seated and standing-throwing and running, and
chapter 4 describes four lower limb tests for standing-throws and running which meet the
criteria for a valid measure of impairment.
Section 3 comprises four experiments which makes an original scientific contribution
to the development of evidence-based classification. Experiment one entitled “How much
do impaired range of movement and coordination affect sprint performance?” Thirteen
runners with brain impairments (RBI) and non-disabled runners (NDR) (n=28) performed
three measures of coordination, four measures of ROM and two criterion measures of
running performance - acceleration (time from 0-15 m) and top speed (time from 30-60
m). The results demonstrate, for the RBI the ROM heel-pull distance and the dorsi-flexion
lunge explained 39% and 46% of the variance in 0-15 m, and 58% and 53% of the variance
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in 30-60 m, respectively. These tests are valid for determining the impact of impaired ROM
on running performance and may be incorporated into current methods of classification.
Experiment two evaluates the validity of upper and lower limb coordination tests for
athletes performing seated and standing-throwing. Seventeen throwers with brain impair-
ments and ten non-disabled participants (ND) performed five upper limb and, if possible,
performed three lower limb coordination tests (n=9). The results demonstrate that throwers
with brain impairments performed significantly slower on all coordination tests (p<0.01)
suggesting that the tests capture coordination impairment. Significant correlations between
all upper limb coordination tests and seated-throwing performance (p<0.05), however, only
the box and block test significantly correlated with standing-throwing (r = 0.81, p<0.01),
and therefore has possible utility in classification.
The third experiment evaluates the validity of five TATs for running in RBI. Thirteen RBI
and twenty-eight NDR performed: standing broad jump (SBJ); four bounds (4-bounds);
running in place; slip jump and skip; and running performance: 0-15 m and 30-60 m. The
best correlations for 0-15 m were the skip and 4-bounds for RBI (r=-0.93, r=-0.79) and NDR
(r=-0.70, r=-0.59); and the best correlation for 30-60 m were the 4-bounds and SBJ for RBI
(r=-0.96, r=-0.67) and 4-bounds and skip for NDR (r=-0.67, r=-0.61). These results suggest
that activities emphasising lower limb power are valid TATs for RBI and have utility for
helping to differentiate well-trained athletes from novices during classification.
Valid TATs should have a significant relationship to performance, which is also a feature
of valid Talent Identification (TID) tests. Therefore, although the fourth experiment in this
thesis is presented as a study evaluating the “Reliability and validity of a novel TID battery
for seated and standing-throwing”, outcomes from the study will also contribute to the
development of evidence-based methods of classification for seated and standing-throwing.
Twenty-eight ND participants performed nine TID tests and criterion throws; seated-throw
with and without an assistive pole and standing-throw. Results show reliable TIDs (mean
ICC r=0.89) with the exception of two tests. Five TID tests significantly correlated with
performance, demonstrating the ability to accelerate distal body segments (mean r=0.72),
optimise release parameters (mean r=0.66) and maximise muscle contractions (mean r=0.48)
- all are critical for seated-throw and standing-throw performance.
In summary, this thesis makes several contributions to the development of evidence-
based classification in Paralympic running and throwing events. The current measures
of coordination and ROM do not permit the development of evidence-based systems of
classification. The novel methods described provide a significant advance because they
meet the prerequisite criteria for valid tests of impairment for the purposes of classification.
Experiments one and two provide evidence that a number of the tests developed can be
validly applied in the current IPC Athletics classification system. Experiment 3 provides
evidence that the TATs evaluated can be used by classifiers to ensure that athletes who train
hard for athletics are not penalised. Experiment 4 reports reliable and novel tests which
have utility in Paralympic TID - promoting participation in sport by people with disabilities
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and can also be incorporated into current classification processes for throwers. Overall, this
program of research makes a rigorous and practical contribution to the development of
evidence-based methods of classification for Paralympic running and throwing.
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C L A S S I F I C AT I O N
1.1 background
1.1.1 Origins of Paralympic Games
Sir Ludwig Guttmann was a neurologist, a neurosurgeon and the director of the National
Spinal Injuries Unit at the Stoke Mandeville Hospital: Aylesbury, Buckinghamshire, United
Kingdom from 1944 - 1966. The National Spinal Injuries Unit was a specialised unit for
ex-service personnel with spinal cord injuries (SCI). Sir Guttmann believed there were sig-
nificant psychological and physical benefits of sports activities for people with SCI (Tweedy
and Howe 2011). Guttmann’s model used sport as part of the rehabilitation process, which
led to the formal organisation of the First Stoke Mandeville Games for people with SCI in
1948. The competition had one team of athletes from the Stoke Mandeville hospital and an-
other team from the Star and Garter Home – a neighbouring recovery hospital. There were
16 ex-service personnel (14 men and two women) who competed in wheelchair Archery
at the games (Tweedy and Howe 2011). In 1949, the number of competitors grew, to com-
prise thirty-seven athletes from six hospitals known as the Second Stoke Mandeville Games.
With each subsequent year the annual Stoke Mandeville games gained popularity and in
1951 there were 126 patients from 11 hospitals across the United Kingdom (Tweedy and
Howe 2011). The first year the Stoke Mandeville Games became an international sporting
opportunity for people with SCI was in 1952. Athletes from the Netherlands competed
against British athletes – creating the first international sports competition for athletes with
disabilities.
Classification was a feature of the competition structure for athletes at the Stoke Mandev-
ille Games. It made intuitive sense that an athlete with a severe impairment resulting from
a high level of SC lesion should not compete against an athlete who had a less severe im-
pairment as a result of their SCI (i.e. lower level of SC lesion). This is because medically, an
athlete with a high SC lesion will have more pronounced muscular paralysis than an athlete
with a lower SC lesion. The adoption of a medically oriented classification system meant
the classification focused on an athlete’s impairment only. A physician would evaluate
an athlete’s impairment using conventional medical assessment techniques, such as man-
ual muscle testing. The allocation of a class would remain the same regardless whether
athletes competed in archery, athletics or swimming. Thus, the classification system did
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not consider the impact of their impairment on the activities required for a specific sport
(Tweedy and Vanlandewijck 2011).
The Stoke Mandeville Games are widely acknowledged as the forerunner for the Par-
alympic games. The Paralympic games were first held in Rome in 1960 and at the time
contested by athletes with SCI only, with the inclusion of amputees in 1966 (Tweedy and
Howe 2011). The advent of the games led to a growing international interest to create sports
opportunities for people with disabilities. As a result, groups or organisations emerged ad-
vocating for competitive sporting opportunities for people with specific impairment types.
The establishment of the International Organizations of Sport for the Disabled (IOSDs)
founded in 1964 represented sports opportunities for athletes who were not eligible under
International Stoke Mandeville Games Committee (ISMGC). The Sports and Leisure Group
of the International Cerebral Palsy Society established in 1968; later known as the Cere-
bral Palsy International Sports and Recreation Association (CPISRA) in 1978, advocated
for opportunities for athletes with cerebral palsy, who first contested at the Paralympic
games in 1980. The International Blind Sports Association (IBSA) was established in 1980
for athletes with vision impairments (VI), who first contested at the games in 1976. While
many organisations represented specific impairment types of health conditions the estab-
lishment of the group called “Les Autres” was significant for athletes who were not eligible
to compete in the structure of the games at the time. “Les Autres” meaning ‘the others’ –
comprised athletes not eligible to compete with SCI, amputees, VI, CP or hearing impair-
ments. Les Autres was eligible to compete at the games in 1984 and later athletes with
intellectual impairments (II) contested the games in 1996. Each of these organisations had
their own systems of classification and established rules of the policy and procedure for
their classification process (Tweedy and Howe 2011).
These organisations recognised the benefits of having a unified voice which led to the
establishment of the International Coordinating Committee of World Sports Organizations
for the Disabled (ICC) in 1982. The ICC comprised representatives from IOSD, ISMGC, CP-
ISRA, and the IBSA (Tweedy and Howe 2011). The role of the ICC was to liaise with each
disability group representative and to stage the summer and winter Paralympic games.
1.1.2 Establishment of International Paralympic Committee (IPC) and Current Structure
International Paralympic Committee (IPC) was founded in 1989 and formally replaced the
ICC. The IPC is recognised as the global governing body and leading organisation for the
Paralympic Movement. The IPC is responsible for the organisation of the summer and
the winter Paralympic games, there are currently 22 summer and five winter Paralympic
sports.
Table 1.1 presents the Structure of the governance of Paralympic Sports. There are three
types of organisations which govern Paralympic Sports these include: the sports which the
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IPC directly govern; and the IPC member federations which comprise IOSD and Interna-
tional Federation Sports.
The IPC has eight sports which it directly governs including alpine skiing, athletics, ice
sledge hockey, nordic skiing comprising biathlon and cross country skiing, shooting, swim-
ming and wheelchair dance sport (not contested at the Paralympic games) (Tweedy and
Howe 2011). The IOSD provides sports opportunities for people with specific disabilities,
for example the CPISRA provides sports opportunities for people with cerebral palsy. The
IOSD is responsible for five sports contested at the Paralympic games including football-
5-a-side and 7-a-side, goalball, judo and wheelchair fencing. Sports governed by Interna-
tional Federation Sports are recognised by the IPC as the sole representative of a specific
Paralympic sport (e.g. World Archery). The International Federations Sports governs 14
separate sports; archery, boccia, canoe, cycling, equestrian, rowing, sailing, table tennis,
triathlon, volleyball seated, wheelchair basketball, wheelchair tennis, wheelchair curling,
and wheelchair rugby (Tweedy and Howe 2011).
The IPC member federations have jurisdiction of the sports which they govern. This
includes classification evaluation methods, the classification policy and procedure and
specific technical rules associated with the sport (Tweedy and Vanlandewijck 2011). This
leads to significant variability in Paralympic classification systems. The diversity of the
approaches to classification across sports is a disadvantage for athletes, stakeholders and
the general public as spectators. It is important that athletes and supporters of Paralympic
sport understand classification.
1.1.3 IPC Classification Code
In order to address the diversity in classification systems, the IPC developed a document
entitled the IPC Classification Code which was formally approved by its member federa-
tions at the general assembly in 2007. The IPC Classification Code aims to “support and
co-ordinate the development and implementation of accurate, reliable and consistent sport
focused classification systems, and to detail policy and procedures common to classifica-
tion in all sports” (IPC 2007a). Compliance with the IPC Classification Code is mandatory
and applies to all sports part of the Paralympic Movement (Table 1.1).
The IPC Classification Codes outlines responsibilities relating to Athlete Evaluation, Protests
and Appeals, and International Misrepresentation of Skills and/or Abilities. For example
Athlete evaluation refers to the responsibility of the member federation to state the pro-
cess by which an athlete is assessed during classification indicating that an athlete must
be treated with respect and be made aware of their rights whilst undergoing evaluation
for classification. From a research perspective, a central feature of the IPC Classification
Code is Section 15.2.2, which states IPC and the IPC Member Federations should “develop
evidence-based Classification systems through research” (IPC 2007b). The Classification
Code encourages coordination of classification research development and output from the
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research through the IPC. While the Classification Code indicates the need for classification
research it does not indicate how it can be achieved.
1.2 ipc position stand on classification
Following the introduction of the IPC Classification Code, the IPC published and endorsed
the IPC Position Stand (from here forward it will be referred to as the Position Stand)
(Tweedy and Vanlandewijck 2011). The Position Stand is a document which describes what
evidence-based classification is and how it can be achieved conceptually (Tweedy and Van-
landewijck 2011). It does this by providing:
• A theoretically grounded description of the scientific principles underpinning classifica-
tion in Paralympic sport – including endorsing the use of terminology of the International
Classification of Functioning, Disability and Health (ICF);
• A definition of evidence-based classification and outlining eligible impairments for
Paralympic competition and the severity of impairment criteria eligible for competition;
• Guidelines for methods for how evidence-based classification can be achieved.
These features of the Position Stand are critical to providing a uniform approach to de-
veloping evidence-based methods of classification for all Paralympic sports. The following
sections will explain the features of the Position Stand relevant to this thesis in more detail
under the three headings:
• The International Classification of Functioning Disability and Health (ICF) (1.2.1);
• Classification and Classification in Sport (1.2.2); and
• Classification in Paralympic Sport (1.2.3).
1.2.1 ICF
The Position Stand on classification advocates the use of the International Classification of
Functioning, Disability and Health (ICF) (World Health Organization 2008) for describing
Paralympic classification systems. The ICF is the most wildly accepted and internationally
recognised system for Classification of Functioning, Disability and Health developed by
the World Health Organisation. The purpose of the ICF is to define and use standardised
language to describe health and health-states and to provide a framework to code informa-
tion about health and health-related states (WHO 2008). It establishes neutral terminology
for understanding health and health-related states. The ICF recognises that health-states
are multi-dimensional and there is a dynamic interaction that exists between person – en-
vironment and other factors.
Figure 1.1 provides a schematic representation of the dynamic interaction between the
ICF components: health condition, body function and structure, activities, participation and
environmental and personal factors (WHO 2008).
Table 1.1: Sports governed by the IPC and its member federations (Tweedy and Howe 2011). The table identifies the Sport and the Organisation which
governs individual sports.
Sports governed by the IPC Sports Governed by the IPC Member Federations
International Organisations of Sport for the Disabled (IOSD) International Federation Sports
Sport Sport Organisation Sport Organisation
Alpine skiing Football 5-a-side Int. Blind Sports Fed. (IBSA) Archery World Archery (WA)
Athletics Football 7-a-side Cerebral Palsy International Sports and Recreation association (CPISRA) Boccia Boccia Int. Sports Fed. (BISFed)
Ice Sedge Hockey Goal Ball Int. Blind Sports Fed. (IBSA) Canoe Int. Canoe Fed. (ICF)
Nordic Skiing (biathlon, cross country skiing Judo Int. Blind Sports Fed. (IBSA) Cycling Int. Cycling Fed. (ICF)
Powerlifting Wheelchair fencing International Wheelchair and Amputee Sports Federation (IWAS) Equestrian Int. Equestrian Fed. (FEI)
Shooting Rowing Int. Rowing Fed. (FISA)
Swimming Sailing Int. Fed. for Disabled Sailing (IFDS)
Wheelchair Dance Sport Table Tennis Int. Table Tennis Fed. (ITTF)
Triathlon Int. Triathlon Union (ITU)
Volleyball (seated) World ParaVolley
Wheelchair Basketball Int. Wheelchair Basketball Fed. (IWBF)
Wheelchair Tennis Int. Tennis Fed. (ITF)
Wheelchair Curling World Curling Fed.
Wheelchair Rugby Int. Wheelchair Rugby Fed. (IWRF)
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Figure 1.1: Diagram of the ICF depicting the dynamic interaction between components of the ICF
which are: Health condition, Body Functions and Structure, Participation, Environmental
and Personal factors (WHO 2008). The shaded area indicates the key components of the
ICF relevant for classification in Paralympic sport which include; Health condition, Body
functions and Structures and Activities.
For Paralympic classification the relevant components in Figure 1.1 are shaded and in-
clude; Health condition, Body Functions and Structure and Activities. Health conditions are
diseases, disorders and injuries, for example cerebral palsy and spinal cord injury (Tweedy
and Vanlandewijck 2011). Impairments are defined as problems with body functions or
body structures. Body functions are the physiological function of body systems including
visual, intellectual and neuromusculoskeletal (NMS) function. Body structures are defined
as anatomical parts of the body organs/limbs related to sports movement and include the
trunk and limbs (Tweedy and Vanlandewijck 2011). Activity is the execution of a task or
action by an individual. Activity limitations (AL) are difficulties an individual may have in
executing an activity. For example, in Paralympic athletics AL refers to difficulties execut-
ing the activities of running, wheelchair racing, standing-throwing, seated-throwing and
jumping (Tweedy and Vanlandewijck 2011).
The Position Stand promotes research for classification systems to describe classification
in consistent and uniform language. The use of ICF terminology is a bid to overcome
international communication barriers, which currently exist. It does this by providing un-
ambiguous and contemporary terms which can be used by a variety of health professionals
of different cultural backgrounds. The ICF is a document available in six languages pro-
viding broad accessibility across the world for non-English speakers to learn about the key
aspects of Paralympic classification.
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1.2.2 Classification and Classification in Sport
The Position Stand provides important context for Paralympic classification by providing a
brief description of the field of classification in general, and then a description of classifica-
tion in sport.
Classification is defined as “a process in which a single group of entities (or units) are
ordered into a number of smaller groups (or classes) based on observable properties that
they have in common” (Tweedy and Howe 2011). Taxonomy is the science and process of
how to classify, the principles for classification, its procedures and rules (Fleishman and
Quaintance 1984). Taxonomic principles are applied in fields of science including biology,
geology and botany. For example, one of the major taxonomic ranks in biology is ‘species’.
Classification is a feature of most modern sports. Competitors are grouped into classes
based on observable properties that they have in common that are known to be strong de-
terminants or predictors of performance. The effect of classification in sport is to minimise
the impact of the unit of classification on the outcome of competition. For example, in a 400
m running race contested by ten year old males the unit of classification is age. Age is a sur-
rogate measure for maturation. The known effects of maturation on physical characteristics
such as lean muscle mass and muscular strength, which are determinants of performance
(Pearson et al. 2006). Therefore the competitive structure of the race classifies competitors
by age to minimise the impact of maturation on the outcome of competition. This allows
other determinants of performance such as training, physiology and psychology to be em-
phasised and determine the winner of the 400 m running race.
Because classification in sport minimises the impact of the unit of classification on com-
petition outcome, participation is encouraged among wider groups such as the young, the
old, female and male. This is because competition is a known social motivator, by reduc-
ing one-sided competition enables the creation of a close competitive opportunity (Tweedy
et al. 2014). Classification in sport reduces predictable competition outcome and promotes
participation by people, because they have a reasonable chance of winning.
1.2.3 Classification in Paralympic Sport
The Position Stand states “impairment” as the unit of classification. The purpose of clas-
sification in Paralympic Sport is therefore to “promote participation in sport by people
with disabilities by minimising the impact of impairment on the outcome of competition”
(Tweedy and Vanlandewijck 2011). Paralympic classification will ensure that athletes who
succeed in competition do so because they have favourable anthropometric attributes, and
have maximised their physiological and psychological profiles, and not simply because
they are less impaired than their competitors.
To achieve the stated purpose of Paralympic classification requires the classification sys-
tem for each sport to:
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Table 1.2: Ten eligible impairments for Paralympic Sport
Ten Eligible Impairments in Paralympic Sport
Impairments of Body
Function
Impairments of Body Structure
Vision impairment Limb deficiency
Intellectual impairment Leg length difference
Impaired muscle power Short stature





1. Describe eligibility criteria for competition in two ways:
a) The type of impairment and
b) The severity of impairment that is eligible for competition;
2. Describe the methods for classifying eligible impairments according to the extent of
activity limitation they cause (Tweedy and Vanlandewijck 2011).
The first requirement is to discern the type of impairment eligible for competition. There
are ten eligible impairments in Paralympic sport presented in Table 1.2. Of these there are
seven impairments of body function: vision impairment (VI), intellectual impairment (II),
impaired muscle power, impaired passive range of movement, hypertonia, ataxia and athle-
tosis. There are three impairments of body structure; limb deficiency, leg length difference
and short stature.
Of the ten eligible impairments types, three impairments of function affect the ability to
coordinate voluntary movement – they are hypertonia, ataxia and athetosis. Coordination is
defined as the ability to voluntarily execute fluid, accurate movements rapidly (O’Sullivan
et al. 2013). The ability to produce coordinated movement is critical in sports performance.
Therefore measures that reflect how much the impairment types – hypertonia, ataxia, and
athetosis – impact on coordination are required.
Some Paralympic sports offer competitive opportunities for each of the ten eligible im-
pairment types. For example, in the sport of athletics all of the ten eligible impairment
types have competitive opportunities. Conversely, some sports do not offer competitive
opportunities to all ten eligible impairment types, for example, in judo only athletes with
vision impairment are able to compete in the sport.
The second requirement for classification is to describe the severity of the impairment el-
igible for competition. The Position Stand states that eligible impairments should be severe
enough to impact on sports performance (Tweedy and Vanlandewijck 2011). Each sport
is required to provide minimum impairment criteria (MIC) which is used to describe the
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severity of impairment(s) eligible for the sport. The MIC will be individually determined
for each sport because not all impairment(s) have equal impact on every sport. For exam-
ple, amputation is an eligible impairment type for IPC athletics and swimming. However,
an athlete with a unilateral through wrist amputation is not eligible for athletics and is
eligible for swimming. This is because in the sport of athletics it has been determined
that a through wrist amputation will not impact enough on the sport – a predominantly
lower limb activity (International Paralympic Committee 2007). However, in swimming, a
through wrist amputation will have enough of an impact on performance, where the hand
is critical for each stroke to propel the athlete through the water. The MIC of the eligible
impairments must be clearly outlined by identifying the fundamental activities of the sport
and describing the severity of impairment that will impact on completing those activities
(Tweedy and Vanlandewijck 2011).
The third requirement for classification is to describe the methods for classifying eligible
impairments according to how much activity limitation they cause. The Position Stand
provides a brief overview of the current best practice for class allocation and they are
expanded upon in a subsequent article (Tweedy et al. 2014). There are four areas used to
inform class allocation: i) evaluation of impairment; ii) the evaluation of novel motor tasks
typically not associated with the sport; iii) the evaluation of sports specific motor tasks; and
iv) the training history of the athlete.
To illustrate the current best practice methods for classification the sport of IPC athlet-
ics will be used. In athletics, a panel of trained classifiers comprises a minimum of two
classifiers with medical (e.g. doctor, physiotherapist) or sports technical specialties. For
evaluation of impairment (i) the panel will use established measurement methods such as
anthropometry for limb length difference or amputations, manual muscle testing to eval-
uate impaired muscle power, and goniometry for impaired range of movement (Tweedy
et al. 2014). In conjunction with these methods, an athlete will be asked to do a series of
novel motor tasks not typically associated with training for the sport of choice (ii) for exam-
ple, for running an athlete might be asked to perform heel to toe walking. The panel will
then ask the athlete to perform sports specific activities often practiced for the sport (iii).
For example, hopping or jumping activities. Lastly the athlete will provide the panel with
a detailed history of the athletes training personal and environmental factors (iv), which
contribute to an athlete’s sport ability (Tweedy et al. 2014). For IPC athletics, the Classi-
fication Rules and Regulations for each class describe impairment(s) and activity profiles
of athletes who would be typically in that class. The process for the allocation of a class
requires the classifiers to match the impairment profile from their evaluation of the athlete
to the description available.
There are two principle threats to the validity of the current classification system de-
scribed above. The first, relates to the measurement of impairment and the second relates
to the way in which allocation of a class depends heavily on expert opinion for decision-
making. These two principle threats to the validity of the classification system will be
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further described in chapter 2 entitled “Research Methods Required for Development of
Evidence-Based Classification for Paralympic Athletics”. Research which strengthens evi-
dence underpinning decision-making in classification is required.
1.3 chapter summary
• The IPC and the IPC member federations are responsible for governing classification
in their respective sports, which have individual systems of classification
• IPC Classification Code mandated the introduction of evidence-based methods of
classification for all Paralympic sports
• The Position Stand is a document which defines evidence-based classification and
describes how evidence-based classification can be achieved
• There are two primary threats to the validity of the current methods for classification:
the measurement methods of impairment and the allocation of class, which currently
depends heavily on expert opinion for decision-making.
2
R E S E A R C H M E T H O D S R E Q U I R E D F O R D E V E L O P M E N T O F
E V I D E N C E - B A S E D C L A S S I F I C AT I O N F O R PA R A LY M P I C
AT H L E T I C S
2.1 introduction
Chapter 1 described the key definitions and concepts of classification and classification in
sport. It identified two principle threats to the validity of the current best practice in Par-
alympic classification; the measurement methods of evaluating impairment and the ways
in which the allocation of a class depends heavily on expert opinion for decision-making.
Research that strengthens evidence-underpinning decision-making in classification is re-
quired.
Chapter 2 will apply the principles outlined in the Position Stand, and describe research
methods required for the development of evidence-based classification in the sport of IPC
athletics.
Of the twenty-eight sports in Paralympic competition, athletics was selected because it
comprises key fundamental motor skills, which include running, wheelchair propulsion,
standing-throwing and seated-throwing. These activities are common to other Paralympic
sports. The advantage of developing measures of impairment and tests of performance in
these sports is the possibility for wider application of the tests that also feature these fun-
damental activities. For example; developing tests of impaired trunk and arm strength for
wheelchair racing in athletics could also contribute to other sports which feature wheelchair
propulsion including wheelchair tennis, wheelchair rugby and wheelchair basketball. Sec-
ondly, IPC athletics is the largest sport at the games accounting for 25% of the total number
of athletes competing at the games (Tweedy and Howe 2011) and therefore the development
of evidence-based methods will potentially benefit the largest cohort of athletes.
2.2 conceptual overview of research methods for paralympic athletics
In Chapter 1, Table 1.2 provided a list of the ten eligible impairment types for Paralympic
sport including seven impairments of body function and three impairments of body struc-
ture. Development of new or additional measures is not required for the impairments of
body structures - limb deficiency, leg length difference and short stature - because the cur-
rent measures of anthropometry are valid, and consistent with the principles of the Position
Stand. Development of measures for the impairments of body function is required.
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Figure 2.1 Panel A presents the five eligible impairments of body function for Paralympic
athletics - impaired muscle power, impaired range of motion, hypertonia, ataxia and atheto-
sis. The impact of these impairments can be captured by three different measures: measures
of impaired strength, impaired range of movement and impaired coordination presented in
Panel B. The association between the eligible impairment types (Panel A) and the measures
of impairment (Panel B) are indicated by lines. Figure 2.1 indicates impaired muscle power
is associated with measures of strength, impaired passive range of movement is associated
with measures of ROM. Hypertonia is associated with three measures of impairment – im-
paired strength, ROM and coordination - indicated in dashed lines. Hypertonia is unique
because it is a multi-dimensional impairment which affects measures of strength, range of
movement and coordination (Sheean and McGuire 2009). However, there is not a single
stand-alone measure to evaluate hypertonia. This is because hypertonicity does not relate
to function, and therefore should be evaluated across the impairment types which it affects
(Sheean and McGuire 2009). Hypertonia, ataxia and athetosis are associated with measures
of coordination, because aspects of these eligible impairment types affect the ability to
execute fluid, accurate movements rapidly.
Figure 2.1: Panel A presents five eligible impairments types: impaired muscle power, impaired range
of motion, hypertonia, ataxia and athetosis. Panel B presents the measures of impair-
ment required to be developed for evidence-based classification: measure of impaired
strength, range of movement and coordination. The relationship between the eligible
impairment types and measures of impairment is indicated by lines. Hypertonia is a
multidisciplinary impairment which affects all three measures of impairment which is
indicated with dashed lines.
Based on the Position Stand, Figure 2.2 is a schematic representation of the research
required for the development of evidence-based systems for classifying impaired strength,
range of movement and coordination for IPC athletics. It consists of three sectors:
• Sector 1 is entitled Measures of Impairment. The outer core presents the three measures
required to be developed; measures of impaired strength, measures of impaired coordina-
tion and measures of impaired ROM;
• Sector 2 is entitled Tests of Performance. The outer core presents the Paralympic sport
of IPC athletics and the disciplines of running, wheelchair racing, standing-throwing and
seated-throwing and;
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• Sector 3 is entitled Training Assessment Tests (TAT). The outer core presents the Para-
lympic disciplines which Training Assessment Tests are required to be developed – running,
wheelchair racing, standing-throwing and seated-throwing.
Figure 2.2: Schematic representation of the Research Methods Required for development of
evidence-based classification for IPC athletics. Sector 1 Measures of Impairment; requires
the development of measures of impaired strength, coordination and range of movement,
Sector 2 Tests of Performance requires test of performance for running, wheelchair rac-
ing, standing-throwing and seated-throwing, Sector 3 Training Assessment Tests (TATs)
which comprise TAT for running, wheelchair racing, standing-throwing and seated-
throwing.
Evidence-based classification requires two central relationships to be evaluated (Figure
2.2). In Figure 2.2 the primary relationship is the strength of association between Measures
of Impairment (Sector 1) and Tests of Performance (Sector 2). The second, is the strength of
association between Tests of Performance (Sector 2) and Training Assessment Tests (Sector
3). These key relationships will be explained with contextual examples in this chapter.
2.3 strength of association between measures of impairment (sector 1)
and measures of performance (sector 2)
2.3.1 Measures of Impairment (Sector 1)
Chapter 1 described the current best practice of the process of Paralympic classification in
athletics. The two key threats to the validity of the classification system are the measure-
ment of impairment and the way in which allocation of a class depends heavily on expert
opinion for decision-making. The following will describe and illustrate through examples
the threats to validity of the current classification system with examples applied to IPC
athletics.
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The first threat to the validity of the current best practice is the measurement of im-
pairment. Measures of impairment should be reliable, parsimonious, ratio-scaled, sports
specific, isolate one impairment type and resistant to training (Tweedy and Vanlandewi-
jck 2011). The reliability of established measures of impairment used in classification raise
concerns about the inter-rater and intra-rater-reliability of the measures employed. For ex-
ample, classifiers use manual muscle testing (MMT) to evaluate impaired muscle strength.
MMT is a widely used method for evaluating impaired muscle strength and currently used
in 14 Paralympic sports for classification. This test requires the classifier to evaluate sin-
gle joints by asking the athlete to move through a range of motion independently or with
the classifier applying resistance. Using an ordinal scale (e.g. 0 – 5) the classifier assigns a
number which represents “0” for no movement to “5” for normal strength. The literature
shows that the ability to reproduce a grade of impaired muscle strength using MMT or
have consistency across testers is variable (Florence et al. 1992, Cuthbert and Goodheart
2007, Mahony et al. 2009). The intra-rater reliability correlation coefficients of the MMT
scale for trained testers ranged from 0.55-0.76, while inter-rater reliability had an intra-
class correlation coefficient (ICC) of 0.77 and 0.59 when comparing day 1 and day 2 (Hsieh
and Phillips 1990). These results suggest trained testers are unable to reproduce a MMT
score either between testers or within a tester. Therefore, MMT may not be suitable for
evaluating impaired muscle strength for Paralympic classification. This is because, it is crit-
ical that classifiers are able to consistently provide a measure of impaired strength for an
athlete, which can be used to objectively inform the allocation of class.
A valid measure of impairment should be parsimonious - evaluating impairment using
a minimum amount of tests to obtain a large amount of information of the impairment
(Tweedy et al. 2014). Currently, classifiers employ a considerable number of tests of im-
pairment relative to the information which they provide. For example, for running MMT
will evaluate an athlete joint-by-joint which comprise individual hip, knee and ankle eval-
uations performed on each leg. This evaluation process is inefficient and it increases the
number of tests the athlete must complete, potentially inducing fatigue. This would poten-
tially confound the outcome of the evaluation by fatiguing the athlete, thus questioning the
validity of the measurement.
Measures of impairments should be ratio-scaled, where the measurement permits the
comparison of differences between measurement outcomes of different athletes (Tweedy
et al. 2014). This means that a ratio-scaled measurement assumes a continuous quantity and
a unit of magnitude of the same kind. For classification, many of the current established
tests employ an ordination scale. For example, MMT uses an ordinal scale (0-5) evaluate
impairment of muscle strength. The use of an ordinal scale is contentious because this
scale provides an order of magnitude only. An ordinal scale, as described above cannot
quantify how much an athlete with elbow flexion strength of grade “2” compared to an
athlete with elbow flexion strength of grade “4”. That is, this scale does not inform the
classifier that the strength of the second athlete with a grade of “4” is twice as strong
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as an athlete with a grade of “2”. For this reason, ordinal scale measurements are not
suitable for classification, rather ratio-scales measurements are appropriate and required to
be developed for evidence-based classification.
Developing valid measures of impairment for classification, which are ratio-scaled and
parsimonious is a complex task. In order to effectively illustrate this, an IPC athletics ex-
ample, for impaired strength and wheelchair propulsion will be described. A recent arti-
cle published a series of novel isometric strength tests which assess multi-joint strength
in standardised positions, evaluating muscles and joints in movements considered to be
most important for wheelchair propulsion (Beckman et al. 2014). The authors cite several
advantages to the novel strength evaluation; firstly strength is measured in Newton’s (ratio-
scaled), enabling comparison of measures across participants. Secondly, design of the tests
were such that a large number of muscles - triceps, pectorals, deltoid muscles - relevant
to wheelchair propulsion (Rankin et al. 2011) are evaluated with the smallest number of
tests. One of the novel isometric strength tests entitled ‘bilateral supported arm push test’,
was used to evaluate the strength of the triceps, pectoral and deltoid muscles simultane-
ously rather than six separate muscle grade tests which would have been required if MMT
technique was employed. This novel test battery would reduce the time and number of
maximal contractions an athlete would be required to perform during the classification
process (Beckman et al. 2014).
A valid measure of impairment will be used to determine the relative strength of asso-
ciation between measures of impairments and tests of performance (Tweedy and Vanlan-
dewijck 2011). The current methods for the evaluation of impairment(s) often lack sports
specificity. Many of the methods used in the classification process originate from clinical
practice. These tests are typically used to evaluate an individual’s ability to perform activ-
ities of daily living from a rehabilitation perspective (Cuthbert and Goodheart 2007), and
not the ability to perform sports related activities. For example, the Finger-Nose Test (FNT)
is a widely used measure of upper limb coordination test used to evaluate neurological
impairments in a clinical setting (Zoltan 1990). The test is performed by a subject taking
their index finger and placing it on their nose, then moving their finger and placing it on a
target approximately 45 cm in front of them at shoulder height, then returning their finger
to their nose and repeating as quickly as possible (Gagnon et al. 2004). There are several
ways in which upper limb coordination is measured including, recording the number of
times the subject accurately makes contact with their nose and the target for 20 seconds
(Desrosiers et al. 1995), or the time taken to complete 5 cycles (Swaine and Sullivan 1993;
Swaine, Desrosiers, Bourbonnais and Larochelle 2005). The FNT has been correlated with
fine motor dexterity tests such as the Box and Block (r=0.82), the Purdue Peghood tests
(r=0.84), and the Functional Independence Measure (r=0.74) (Gagnon et al. 2004). While
these results suggest an association between FTN and fine motor dexterity and activities
of daily living, to our knowledge, there is no evidence that these tests correlate to sport-
ing performance. A valid measure of coordination for Paralympic classification should be
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validated for sports including running, wheelchair racing, standing-throwing and seated-
throwing.
Valid measures of impairment should isolate one impairment type only (Tweedy and
Vanlandewijck 2011). This is because the measurement of one of the eligible impairment
types which over-laps a second impairment type would confound the outcome of the eval-
uation and impact on the allocation of an athlete’s class. For example, it is necessary to
evaluate the strength of association between coordination and running performance. In
order to do this, tests of foot coordination via a reciprocal tapping task from a seated po-
sition are required. While most running athletes would have the ability to complete a foot
coordination test from a standing position, this introduces aspects of strength required for
single leg stance. An athlete’s ability to complete the foot coordination tapping task from a
standing position is confounded by their ability to maintain a static leg stance. This could
lead to the possibility that somebody with quiet good foot coordination appearing worse
than they actually are because they actually have weak muscles for stance contributing to
poor balance. It is critical that impairment tests isolate – as much as possible – a single
impairment type as to not confound the outcomes of impairment evaluation.
The IPC position stand states that – where possible – measures of impairment should be
training resistant (Tweedy and Vanlandewijck 2011). For the evaluation of strength, there
are several methods of measurement available including, dynamic, isometric, isokinetic
and isotonic. A vertical jump is a dynamic strength activity which is responsive to training
(Vaczi et al. 2013) and it predicts running performance, whereby athletes’ who jump greater
distances, run faster (Loturco et al. 2014). Therefore, a vertical jump test is not a suitable
method for evaluating lower limb strength for classification because evidence suggests it is
responsive to training. A classification system requires a robust evaluation of impairment
because the primary relationship between impairment and performance is fundamental to
the organisation of the competition structure. Therefore measures of impairment must be
resistant to training as this has a significant implication for the allocation of a class.
It is posited that the evaluation of impaired strength, therefore, could be best measured
isometrically. This is because compared to isokinetic and isoinertial strength dynamome-
try, isometric strength measures do not effectively monitor dynamically induced training
adaptations (Thorstensson et al. 1976; Sale et al. 1992; Baker et al. 1994). For example, lit-
erature has demonstrated that an 8 week progressive strength training program induced
a 67% increase in one repetition maximum (1RM) squat strength, while IMVC leg press
only increased by 13% in healthy males (Thorstensson et al. 1976). Similarly, Baker et al.
(1994) demonstrate that both dynamic and isometric strength measures showed a statisti-
cally significant improvement from 12 weeks of weight training, while dynamic strength
(1RM squat) increased by 27.2% and isometric strength only increased by 8.7% . Finally,
Sale et al. (1992) demonstrated that weight training had a statistically significant improve-
ment in 1RM strength, which increased by 29.1% while IMVC showed no improvement.
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In light of this evidence, the evaluation of strength would be best measured isometrically,
because it is the most resistant to training adaptations.
The second threat to the validity of the current classification system is the reliance on
expert opinion for decision-making. The process of class allocation relies heavily on the
expert opinion of the classifiers to evaluate: i) the impairment; ii) novel motor tasks not
typically associated with the sport; iii) novel motor tasks which are sports specific and iv)
determine an athlete’s training history. These four pieces of information are then matched
with a text description provided in the Classification Rules and Regulations. This places
enormous responsibility for the classifiers to accurately weigh and aggregate the impair-
ment profile of an athlete and place them into an appropriate class. A classification system
should be based on evidence and not based on expert opinion for decision-making for class
allocation.
Paralympic classification systems should utilise and develop methods which are reliable,
parsimonious, ratio-scaled, sports specific, evaluate one impairment type and be training
resistant. Measurement methods which fulfil this criteria will provide evidence to support
decision-making (Tweedy and Vanlandewijck 2011) providing confidence in the system for
athletes, stakeholders and spectators of the sport.
2.3.2 Tests of Performance (Sector 2)
To evaluate the relationship between measures of impairment and tests of performance
require the development of standardised, sports specific tests of performance (Figure 2.2
Sector 2). For IPC athletics, the tests of performance are required for running, wheelchair
racing, and standing-throwing and seated-throwing (Figure 2.2 Sector 2 – outer core). This
thesis is concerned with running and throwing events, therefore the following will describe
the methods for the tests of performance for each accordingly.
A test of running performance is conceivably simple. It would be suitable to have a test
of a maximal sprint over 60 m evaluating two specific components of the running perfor-
mance a) acceleration - time from the start (0 m) to the 15 m mark and b) top speed -
time to cover 30-60 m. Conversely, the development of tests of performance for throwing
poses a greater challenge due to the wide range of techniques that are used in Paralympic
throwing. Standing throwers perform three throws which are consistent with the Olympic
throws program, comprising the javelin, discus and shot put – using conventional tech-
niques. Seated throwers compete in four throws events comprising, javelin, discus, shot
put and the club (IPC 2014), the latter being a wooden implement weighing 397 g. The
club event is unique to the Paralympic throws program. The design of the club facilitates
grasping and release by people with severe impairments because it has a relatively long
and narrow handle which prevents slipping and a relatively short and thick head where
the mass of the club is concentrated. There are three different seated throwing techniques
for the club – overhand (similar to javelin), rotational (similar to discus) and a backwards
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overhead technique, in which the participant faces 180° to the direction of the throw and,
using a movement combining rapid trunk extension and shoulder flexion, release the club
backwards.
Accordingly, there is variability in the techniques used to perform seated-throws and
secondly, there is variability in the seat configuration from which athletes throw. The chair
configurations are highly individualised, the chair may be rotated to varying degrees to
the throw direction, it may constitute a backrest or no backrest, a rigid assistive pole for
athlete’s with trunk instability, and strapping to secure limbs. For each athlete the configu-
ration of their chair aims to maximise their throw performance by supporting the athlete’s
specific needs. For example, an athlete with reduced trunk stability may use a high backrest
and an assistive pole to support their trunk during the throwing action.
One approach to control for the variability of chair configuration is to have athletes
perform the throw from a standardised configuration. Fortunately, a study established a
preferred seated-throwing position for throwing completed both with and without an as-
sistive pole using a custom-built throws chair (Tweedy et al. 2012). The features of the
chair comprised an adjustable seat angle rotated in increments of 10° from 0-90° to the
throw direction, an adjustable backrest height, and an assistive pole held rigid and could
be moved closer or further, left and right of the participant. The configuration of the chair
for the throw was determined by the following parameters; the elbow position, pelvis an-
gle, seat angle, backrest height. The elbow position was the angle between the long axis of
the forearm and the long axis of the upper arm of the non-throwing arm when holding the
rigid pole with the hand at shoulder height. The pelvis angle was used to determine the
pole position. The pelvis angle was defined as the angle between the straight line joining
the left and right anterior superior iliac spine (ASIS) and the straight line from the pole -
at the level of the ASIS – to the ASIS on the side of the non-throwing arm. The backrest
height was adjusted as a percentage of the participants sitting height and the seat angle
was adjusted in 10° increments to the throw direction.
The outcomes of the study provide a mean chair configuration, for seated-throws with an
assistive pole which had a seat angle of 32°, a backrest height of 15% sitting height, an elbow
angle of 75° and a pelvis angle of 127°. For seated-throws without an assistive pole, the
chair configuration had a seat angle of 34° and a backrest height of 17% of sitting height. A
standardised throws chair permits a valid evaluation of seated-throw performance without
the confounding influence of the individualised chair configuration. This study provides a
valid guide for seated-throwing position, which future research can utilise to evaluate the
impact of impairment on seated-throwing performance (Tweedy et al. 2012).
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2.3.3 Quantifying the Strength of Association between Measures of Impairment and Measures of
Performance
The establishment of valid measures of impairment and standardised sports specific tests of
performance will enable valid quantification of the extent to which eligible impairments im-
pact on performance (Tweedy and Vanlandewijck 2011). In the literature, one study consist-
ing of 23 non-athletes with cerebral palsy illustrates how this can achieved in a non-sports
specific setting. The experiment evaluated the strength of association between upper limb
motor impairment and upper limb activity limitation (Chiu et al. 2010). Four impairments
were evaluated, comprising isometric upper limb strength, coordination (using a tracking
task on a computer screen), spasticity (using Electromyography) and contracture of the
biceps/triceps (by measuring loss of passive elbow joint range of movement). Upper limb
impairment was determined using two tests: the Spiral Test and three items from the Mo-
tor Assessment Scale. The Spiral Test required participants to trace a standardised spiral as
quickly as possible, timed in seconds (ratio-scale). Items 6, 7 and 8 of the Motor Assessment
Scale comprised reaching, grasping and manipulating objects. The Spiral test and the spe-
cific items of the Motor Assessment Scale reflected the full spectrum of upper limb activity
and converted to a score out of 100. The outcomes of the experiment determined that the
four motor impairments of the upper limb accounted for 63% of the variance in upper limb
activity limitation, with coordination accounting for 21% alone (Chiu et al. 2011). The out-
comes of this experiment do not inform evidence-based Paralympic classification methods
for athletics. This is because the measures of impairment and tests of performance were
not relevant to a sports setting. However, this study demonstrates rigour of research de-
sign; the measures of impairment are reliable and ratio-scaled and the tests of performance
were standardised. The relative contribution of each impairment test and its contribution
to upper limb performance was determined using a linear regression.
2.4 strength of association between training assessment tests (tat) (sec-
tor 3) and tests of performance (sector 2)
Although the development of evidence-based methods of classification, determining the
relative strength of association between measures of impairment (Figure 2.2, Sector 1) and
tests of performance (Figure 2.2, Sector 2) such evidence cannot be the sole basis for clas-
sification. This is because, while eligible impairments are permanent, many types are, to
varying degrees, responsive to training. For example, individuals with incomplete spinal
cord injury (SCI) with spastic hypertonia may have permanently impaired muscle strength,
the influence of chronic disuse or resistance training have been shown to induce strength
changes (Glinsky et al. 2007). The potential for measures of impairment to be influenced
by training or disuse, should this not be rectified during the classification process, would
disadvantage athletes who have trained by potentially placing well-trained athletes into
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a class with athletes who have less severe impairments. To ensure highly trained athletes
are not competitively disadvantaged, requires methods that permit classifiers to differen-
tiate highly trained athletes from novices. An evidence-based classification system must
minimise the potential for training and disuse to influence the evaluation of strength, coor-
dination and ROM. Therefore a secondary battery entitled Training Assessment Tests (TAT)
is required and presented in Figure 2.2 Sector 3.
2.4.1 Conceptual basis for Training Assessment Tests
Valid TAT will enable classifiers to differentiate between well trained-athletes - who have
maximised their pathology-related impairment - and athletes who are not well trained -
and have remained sedentary and accumulated disuse-related impairment presented in
Figure 2.3. Pathology-related impairment is defined as the extent to which pathological
processes – trauma, disease, dysgenises – has affected impairments of function, specifically
strength, ROM and coordination. The extent to which sedentary behaviour negatively af-
fects strength, coordination and ROM is termed disuse-related impairment.
Figure 2.3 has three panels that illustrate the conceptual difference between pathology-
related impairment and disuse-related impairment. Panel A, Panel B and Panel C feature a
schematic representation of three scenarios of an athlete performing an IMVC that targets
the triceps. Panel A presents a measure of strength of a non-disabled shot put athletes, who
produces 200N of isometric force (Figure 2.3 Panel A Pre-SCI measure of triceps strength).
Panel B presents the same athlete who has sustained a complete spinal cord injury at C7.
Segmentally the triceps are innervated from C6, C7 and C8 (Russell 2011); therefore in this
scenario the athlete’s triceps would be partially innervated. Hypothetically, the athlete has
the full innervation of the triceps at C6, 0% innervation of the triceps at C7 and 0% inner-
vation of the triceps at C8. Post-SCI, the athlete would like to continue competing in shot
put and trains to maximise muscle power for their sport. For classification, the same ath-
lete performs the IMVC and produces 120N of force (Figure 2.3 Panel B Post- SCI measure
of triceps strength - Highly trained). Conceptually, the difference between non-disabled
Pre-SCI (200N Panel A) and Post-SCI (120N Panel B) force production cannot be reversed
and is what will be referred to as pathology-related strength impairment (Figure 2.3 Panel
B Pathology-related impairment, 80 N indicated with diagonal lines). From a conceptual
perspective, it is this 80N of pathology-related strength impairment, which should be the
basis for assigning classes for competition.
Panel C presents the same athlete Post-SCI, but in this case the athlete did not maximise
their training potential of their available motor units of the triceps, and remained seden-
tary. The athlete performs the IMVC strength measure and they might only produce 90 N
of force (Figure 2.3. Panel C Post-SCI measure of triceps strength not maximising poten-
tial). This loss of 110N comprises 80 N of pathology-related impairment and 30N which is
related to disuse or suboptimal training, indicated by the checker pattern. The 30 N differ-
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ence between the strength recorded in Panel B (120N) and Panel C (90N) could affect the
allocation of class (Figure 2.3) which is not desirable, threatening the validity of Paralympic
classification. This is because an athlete who is highly trained (Panel B) could be competi-
tively disadvantaged and placed in a class with people who have less severe impairments
than themselves.
Figure 2.3: Conceptual differences between Pathology-related Impairment and Disuse-related Im-
pairment. (a) Pre-SCI measure represents the shot put athlete’s unimpaired isometric
maximal voluntary contraction (IMVC) which produces 200 N of force. (b) Post-SCI,
presents the IMVC of a highly trained shot putter who has maximised their potential
through training (120 N), compared to (a), this 80 N loss represents the pathology-related
impairment. (c) Result for the same shot putter who remains sedentary Post-SCI trauma
(90 N). The 30 N of disuse-related impairments in presented in light grey.
In theory the most valid test of pathology-related impairment will be achieved when
testing an athlete who is highly trained and maximised their strength. This would infer
that a highly trained athlete would be close to their true pathology-related strength profile
as presented in Panel B.
A valid battery of TAT will provide classifiers with an important means of differentiat-
ing athletes who are highly trained from those who are not. This is because, for a given
impairment score, an athlete who is well trained will perform commensurately better on
the TAT battery than one who is untrained. For example, it could be expected that a well-
trained athlete with impaired strength only, would perform relatively poorly on the TAT
tests which emphasise strength compared to their performance on TAT tests which empha-
sise coordination or ROM. Classifiers can use TAT to ensure that highly trained athletes are
not competitively disadvantaged during the classification process (Beckman and Tweedy
2009).
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2.4.2 Application of Training Assessment Tests in Paralympic classification
Having conceptually differentiated the pathology-related and disuse-related impairment,
Figure 2.4 is a schematic, which will be used to explain how TAT could be applied in a clas-
sification setting. Figure 2.4 consists of two panels; Panel A represents the strength profile
for Athlete A, who prior to acquiring a traumatic SCI had an IMVC of 200N. Following
acquisition of a complete C8 SCI the athlete has full segmental innervation of triceps from
C6 and C7, and no (0%) innervation of the triceps from C8. The athlete wishes to participate
in Paralympic shot put but does not train particularly hard following his rehabilitation and
at the time he presents for classification assessment, he has an IMVC of 90 N, a loss of 110
N. This loss comprises 50 N of pathology-related impairment (diagonal lines) and 60 N of
disuse-related impairment (checker pattern) presented in Figure 2.4 Panel A.
Panel B of Figure 2.4 presents the strength profile for Athlete B. Like Athlete A, Athlete B
had a pre-injury IMVC of 200 N, but following an accident the athlete had a complete injury
at C7 resulting in full segmental innervation of the triceps from C6 but no (0%) innervation
of the triceps from C7 and no (0%) innervation of the triceps from C8. In comparison, Ath-
lete B has more severe pathology-related impairment than Athlete A. Athlete B also wishes
to participate in Paralympic shot put but unlike Athlete A, Athlete B trains extremely hard.
At the time Athlete B presents for classification assessment, they have the same IMVC as
Athlete A (90 N) comprising, a loss of 110 N. However, the 110 N loss in strength comprises
100N pathology-related impairment (diagonal lines) and 10 N disuse-related impairment
(checker pattern).
The triceps are a prime mover in the sport of shot put producing elbow extension. There-
fore, in order for classification to be valid Athlete A, who has much less pathology-related
impairment, should compete in a different class from Athlete B. However, if the assessment
of strength was the only basis for assigning class, then these athletes - who both have an
IMVC of 90 N - would be assigned to the same class, threatening the validity of classifica-
tion.
To address this situation, it is necessary to develop TAT, which would be used in con-
junction with valid measures of impairment during the classification process. The Position
Stand states a valid TAT will:
I. Predict performance in relevant sport of interest (e.g. running) by evaluating the maxi-
mum number of body structures and body functions required for athletic performance;
II. Emphasise functioning of one or more of the eligible impairment types (strength,
coordination or ROM);
III. Be highly training responsive, where athletes minimising their disuse-related impair-
ment through effective training will perform better on the battery than those who are not
well trained Tweedy and Vanlandewijck (2011).
Beckman and Tweedy (2009) have published an exemplar TAT battery for running. The
experiment developed and evaluated the validity of novel TAT in non-disabled participants.
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Figure 2.4: Hypothetical examples of strength results from two shot put athletes’. (a) Athlete A’s
pathology-related impairment of 50 N (dark grey), and disuse-related impairment of
60N (light grey). (b) Athlete B’s pathology-related impairment of 100 N (dark grey) and
disuse-related impairment 10 N (light grey).
The five tests comprising standing broad jump, 10m speed skip, four bounds for distance,
running in place and split jump (rapidly alternating leg activity) which fulfilled the crite-
ria I, II, and III listed above, of a valid TAT outlined in the Position Stand. For example,
the standing broad jump is an appropriate TAT because; jumping activities are known
predictors of sprint performance, where athletes who jump greater distance run faster
(Smirniotou et al. 2008) (Criteria I); it emphasises one eligible impairment types –power,
as a product of strength (Criteria II); it is highly training responsive, where training results
in improved jump performance (Chelly et al. 2010) (Criteria III).
The outcomes of the experiment demonstrated that in non-disabled populations the five
novel tests were reliable (ICC 0.80-0.99), and a multiple regression analysis indicated that
standing broad jump, four bounds and 10m skip explained 75% of the variance in running
performance (Beckman and Tweedy 2009). These results, are encouraging and demonstrate
the reliability and validity of TAT tests in non-disabled participants.
From the previous example of the shot put athletes a valid TAT could be a two-handed
chest pass throw using a weighted medicine ball for maximum distance. A weighted chest
pass throw activity is:
I. Predictive of throwing performance (Debanne and Laffaye 2011);
II. Arguably a test which primarily emphasises power, a function of strength - specifically
strength of the triceps;
III. Highly responsive to training (Lyttle et al. 1996; Stone et al. 2003), where a person
who trains will have maximised their muscle power, improved synchronisation of muscle
contraction and developed muscle hypertrophy.
Evaluation of the strength of association between TAT and throw performance is required
for evidence-based classification. In the previous shot put scenarios, Athlete B is better
trained and will therefore perform better on the chest pass throw, by achieving a greater
distance than the Athlete A, who has not trained.
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2.4.3 Training Assessment Test and Talent Identification
Tests which meet the criteria for a valid TAT have previously been developed for many
sports - they are known as Talent Identification (TID) tests. The purpose of a TID battery
is to evaluate tests which predict performance or are determinants for sporting success
and administer them to a large number of people, identifying those who possess attributes
that will confer a competitive advantage in a sport (Pearson et al. 2006; Lidor et al. 2009).
TID programs have resulted in identifying talented individuals and fast tracking them to
international sporting success (Bullock et al. 2009).
Therefore, the features of a valid TAT are consistent with those of a TID. The theoretical
framework underpinning a valid TAT comprises the ability to predict performance (Criteria
I) and be highly training responsive (Criteria III). The literature for TID provides previously
established tests which could be implemented as TAT for Paralympic classification (e.g. TID
tests for running). However, the distinctive sporting opportunities of Paralympic athletics
- wheelchair racing and seated-throwing events – require TAT to be developed. This is
because, to our knowledge, there are no comprehensive TID batteries in the peer-reviewed
literature for TID wheelchair racing or seated-throwing.
2.5 experiments presented in this thesis
Evidence-based classification requires the evaluation of two primary relationships: the first
between measures of impairment (Figure 2.2 Sector 1) and tests of performance (Figure 2.2
Sector 2) and the second between training assessment tests (Figure 2.2 Sector 3) and tests
of performance (Figure 2.2 Sector 2). This thesis presents four experiments that evaluate
the strength of association between Sectors 1, 2 and 3 from Figure 2.2. For the primary
relationship there are three measures of impairment (strength, coordination and range of
movement) and four tests of performance (running, wheelchair racing, standing and seated
throwing), creating twelve relationships to be investigated.
For the primary relationship, this thesis addresses four out of the twelve relationships
presented in Chapter 5 (experiment 1) and Chapter 6 (experiment 2). Experiment 1 is enti-
tled “How much do impaired ROM and Coordination affect sprint performance?” This is
presented in Figure 2.5.
Experiment 2 addresses the strength of association between measures of coordination
(Sector 1) and throwing performance (Sector 2). Experiment 2 is entitled “Evaluating the
validity of novel coordination tests for classification of throwers with hypertonia, ataxia
and athetosis”. This relationship is presented in Figure 2.6.
For the secondary relationship towards evidence-based classification in Paralympic ath-
letics evaluate the strength of association between TAT (Sector 3) and tests of performance
(Sector 2) in Figure 2.2. There are four TAT batteries (TAT for running, wheelchair racing,
standing and seated throwing) and four tests of performance (running, wheelchair rac-
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Figure 2.5: Experiment 1 – How much do impaired ROM and coordination affect sprint perfor-
mance? The focus of the experiment was to evaluate the strength of association between
measures of impaired ROM and Coordination and running performance, which is indi-
cated in bold with an arrow.
Figure 2.6: Experiment 2 - Evaluating the strength of association between tests of impaired coordi-
nation and standing and seated-throw performance in throwers with hypertonia, ataxia
and athetosis. The focus of this experiment is to evaluate the strength of association
between tests of impaired coordination and performance in standing-throw and seated-
throw performance, indicated in bold with an arrow.
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Figure 2.7: Experiment 3 – Evaluating a novel battery of tests designed to predict running perfor-
mance in athletes with brain impairments. The focus of this experiment is to evaluate
the validity of a battery of TAT in runners with impairments. Valid TATs will be used
to differentiate disuse and pathology-related impairment in runners with brain impair-
ments. The strength of association between TAT for running and running performance
is in bold and indicated with an arrow.
ing, standing and seated throwing) creating four relationships required to be investigated.
This thesis addresses three out of the four relationships, presented in experiment 3 and 4.
Experiment 3 is entitled “Evaluating a novel battery of tests designed to predict running
performance in athletes with brain impairments” which is presented in Figure 2.7.
Experiment 4 is entitled “Reliability and validity of a talent identification test battery
for seated and standing Paralympic throws”. The experiment evaluates of the strength of
association between novel seated-throw and standing-throw TIDs and throws performance.
The experiment was developed for application in talent identification. The outcomes of
which, will have direct implications for TATs for seated-throw and standing-throw. This is
because the features of a TID are consistent with those of a TID. This allows Experiment 4
to be presented as TID, rather than TAT. This is presented in Figure 2.8.
The structure of this thesis comprises four sections. Section 1 entitled “Evidence-based
classification in Paralympic Sport” and comprises Chapter 1 and Chapter 2. Chapter 1
provides an overview of key definitions and concepts of Paralympic classification. Chapter
2 described the research required to achieve evidence-based classification in Paralympic
athletics.
Section 2 is entitled “Measurement methods for evidence-based classification in Para-
lympic Sport” which comprises Chapters 3 and 4. Chapter 3 defines coordination and the
neurological control of coordinated movement for sports performance. Current measures
of coordination, do not permit evidence-based classification because the outcome measures
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Figure 2.8: Experiment 4 - Reliability and validity of a talent identification test battery for seated and
standing Paralympic throws. This experiment investigated the strength of association
between novel TID and standing and seated-throw performance, indicated in bold and
with an arrow.
are not ratio-scaled and often rely on a classifier’s subjective rating. To address this problem,
this chapter describes novel coordination tests which meet the criteria for a valid measure
of impairment. Chapter 4 defines ROM and identifies structures that determine ROM and
impact on sports performance. The current ROM tests do not permit evidence-based classifi-
cation because they adopt a joint-by-joint evaluation using goniometry, which is unreliable
and poses challenges to weight and aggregate measures. Therefore, novel tests of ROM,
relevant for running are described which meet the criteria for a valid test of impairment.
Section 3 comprises four experiments which form Chapters 5-8. Each experiment pre-
sented aims to contribute towards evidence-based classification. Section four is entitled
“Summary of results, conclusions and future directions” and comprises one chapter –
Chapter 9. This chapter summarises this thesis’ scientific contribution towards evidence-
based methods of classification in Paralympic athletics for running and throwing events. It
identifies future research required to be undertaken, which builds upon research methods
presented in this thesis, with the overall aim to develop evidence-based classification in
Paralympic athletics.
2.6 chapter summary
• Evidence-based classification in Paralympic athletics requires the evaluation of the
relative strength of association between valid measures of impairment (e.g strength,
coordination,) and athletic performance (e.g running, throwing). In this context, a
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valid measure of impairment is one that is reliable, parsimonious, ratio-scaled, sports
specific, isolate one impairment type and resistant to training.
• It is identified that, some measures of impairment, may be responsive to training, cre-
ating the possibility that well trained athletes may improve their impairment profile
and subsequently be competitively disadvantaged by being placed into a class with
athletes with less severe impairments than themselves.
• A further requirement for evidence-based methods of classification is the develop-
ment of Training Assessment Tests (TAT) – tests that will permit classifiers to deter-
mine the extent to which an athlete may have positively influenced their impairment
profile through athletic training. Valid TATs are highly responsive to training and
have a significant relationship to performance.
• This thesis will make a scientific contribution to the development of evidence-based
methods of classification for Paralympic running and throwing events.
Part ii
M E A S U R E M E N T M E T H O D S F O R C L A S S I F I C AT I O N I N
PA R A LY M P I C S P O RT
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Part II comprises two separate chapters: Chapter 3 and Chapter 4. A brief outline
of the content of each chapter is now described. Chapter 3 entitled “Coordina-
tion and impaired coordination resulting from hypertonia, ataxia and athetosis”.
It defines coordination and how hypertonia, ataxia and athetosis affect coordina-
tion. Methods currently used in Paralympic classification to assess coordination
are outlined and limitations identified. Researchers in our group developed a
novel battery of measures which address the shortcomings of current methods
of coordination assessment, and these are presented at the end of the chapter.
They are not presented as part of the experimental output in this thesis because,
although the candidate contributed to the development of the tests, involve-
ment was not sufficient to an warrant authorship. However, it was decided to
include a detailed description of the tests in this thesis because they are a cen-
tral component of experiments presented in Chapter 5 and Chapter 6 (currently
unpublished).
This chapter will help to ensure the reader has a thorough grasp of the tests
evaluated later in the thesis. Chapter 4 entitled “Range of movement and im-
paired range of movement resulting from hypertonia and other health condi-
tions”. It defines range of movement and how and other health conditions affect
range of movement. Methods currently used in Paralympic classification to as-
sess range of movement are outlined and limitations identified. Similar to the
novel tests of coordination, researchers in our group developed a novel battery
of measures which address the limitations of current methods of range of move-
ment evaluation. These methods are presented at the end of this chapter and
they are not presented as part of experimental output in this thesis because,
although the candidate contributed to the development of the novel tests, the
involvement was not sufficient to an warrant authorship. The inclusion of an
in-depth description of the methods is presented in this thesis because they are
a central component of the research presented in Chapter 5. This chapter will
help to ensure the reader has a thorough grasp of the tests evaluated later in the
thesis.
33
The Training Assessment Tests (TAT) for running and throwing events are
published in peer reviewed literature and therefore the methods are not de-
scribed in detail in this thesis. The TATs for running, have evaluated for reliabil-
ity and validity in non-disabled participants (Beckman and Tweedy 2009). The
same battery of TATs are evaluated in Chapter 7 in runners with runners with
brain impairments. The TATs for seated and standing-throwing are evaluated
in Chapter 8, presented for implementation for a talent identification setting.
The candidate led the development of these tests including the theoretical un-
derpinnings and equipment design of the test battery. The tests were developed




C O O R D I N AT I O N A N D I M PA I R E D C O O R D I N AT I O N R E S U LT I N G
F R O M H Y P E RT O N I A , ATA X I A , A N D AT H E T O S I S
3.1 coordination
3.1.1 Definition
In Chapter 1, coordination was defined as “the ability to voluntarily execute fluid, accurate
movements rapidly”. The key elements of this definition (underlined) are expanded below:
Voluntary – There are three types of movement; voluntary movement, rhythms, and
reflexes (Guertin 2012). Rhythms and reflexes are considered to be an involuntarily produc-
tion of movement (Guertin 2012). Of these of types of movement, this thesis is interested in
voluntary movement only. Voluntary movement refers to movement, which has intent, is
purposeful and often follows conscious thought. Voluntary movements are also referred to
self-initiated and non-triggered movements, where movements can be independently car-
ried out in the absence of sensory cues or external signals which would trigger or cause
movements to be performed (Lee and Assad 2003).
Fluidity – refers to movement that is performed which is smooth and flowing. From a
skeletal muscle perspective, fluidity results from optimal coupling of agonist/antagonist
to avoid unwanted co-activation of muscles. It is not jerky and does not have character-
istics of rigidity. The movement of multi-segments of the body may utilise a proximal to
distal pattern of body segments for a desired task, which in combination produce a smooth
movement.
Accuracy – refers to movement, which is precise, finishing with optimal spatial and
temporal parameters for a desired trajectory. The sequencing of multi-joint actions will
employ optimal joint torques appropriate for a specific task. Accurate movements will not
‘over’ or ‘under-shoot’ and will not be characteristic of dystonic rhythmical movements.
Rapid movement – refers to the initiation and speed of a movement at which a specific
task is completed optimally. This includes the ability to move limbs with speed, both accel-
eration of body segments with high-speed and the ability to maintain fast body movements.
3.1.2 Neurological control of coordinated movement
The nervous system consists of the central nervous system (CNS) - the brain and spinal
cord - and the peripheral nervous system (PNS). The role of CNS is to integrate informa-
tion it receives, organise and command movement of the body. The main function of the
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PNS is to connect the CNS to the limbs and organs. The PNS comprises the somatic and
the autonomic nervous systems. The somatic NS is responsible for voluntary control move-
ment via skeletal muscles which consists of afferent and efferent nerves. The autonomic NS
is responsible for functions of the internal organs such as heart rate, digestion, swallowing
and respiration rates among others. While the CNS and the PNS contribute to coordinated
movement, this thesis is concerned with impairments of the CNS which results in uncoor-
dinated movement. Therefore the CNS is central and shaded in Figure 3.1.
The key neurological structures of the CNS which are required for coordinated move-
ment are the cerebrum, basal ganglia, cerebellum, brain stem, the pyramidal and extrapyra-
midal tracts, upper motor neuron (UMN) and lower motor neuron (LMN) - and the spinal
cord.
Figure 3.2 presents the neurological structures required for coordinated movement. In
Panel A the cerebrum, basal ganglia, cerebellum, brain stem and spinal cord are presented.
The organisation of key structures responsible for movement is presented in Panel B. The
CNS receives input from the sensory system from the environment via sensory nerves -
receptors of the skin, joints. The cerebrum, basal ganglia, cerebellum brain stem, upper
motor neurons and spinal cord process and integrate the information received from the
sensory system. The CNS generates motor commands which project onto the PNS via the
motor nerves – synapse with the lower motor neurons - to the effector muscles to perform
the desired movement.
Figure 3.1: Organisation of the Nervous System of the Human Body. The nervous system (NS) consists of the central nervous system (CNS) and the
peripheral nervous system (PNS). The CNS comprises the brain and the spinal cord. The PNS consists of the somatic and autonomic NS.
The autonomic NS comprises the sympathetic and the parasympathetic NS. The CNS is shaded because it is important for the production
of coordinated voluntary movement.
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(a) (b)
Figure 3.2: Panel A presents a sagittal section of the human body head and torso. Key neurological
structures for movement production are indicated (Purves 2012). Panel B presents the
organisation of the nervous system in generating coordinated movement. The CNS re-
ceives input from the sensory system from the environment. The cerebrum, basal ganglia,
cerebellum, brain stem and spinal cord process and integrate the information received
from the sensory system. The CNS generates motor commands which project onto the
PNS to the effector muscles (Image adapted from Purves 2012).
The cerebrum is the largest structure of the brain comprising two hemispheres.
There are three regions of the cerebral cortex which contribute to coordinated movement
production including the primary motor cortex, the premotor cortex and the supplementary
motor area (Figure 3.3). The primary motor cortex is a region of the cerebral hemisphere
in the posterior section of the frontal lobe, anterior to the central sulcus in Figure 3.3. Its
role is to direct voluntary movements by controlling somatic motor neurons in the brain
stem and spinal cord. It codes movement sequences commanding the size and magnitude
of muscle contractions for an activity (Purves 2012). The pre-motor cortex is part of the
cerebral hemisphere, located anterior to the primary motor cortex of the frontal lobe. It
is responsible for the planning of movement, providing specific commands to the periph-
ery regarding movement sequence. The supplementary motor area is involved in complex
movement and postural adjustments, bilateral and unilateral tasks such as climbing and
considered to provide organisation and movement execution (Fredericks et al. 1996). In
conjunction with sub-regions of the primary motor cortex, the supplementary motor area
and pre-supplementary motor area transfer intention to perform complex activities to a
specific sequence of movements to produce the desired action (Purves 2012, Kandel et al.
2013).
The basal ganglia comprises four structures: striatum, globus pallidus, substantia nigra
and the subthalamic nucleus which are a group of nuclei located beneath the cerebral
hemispheres (Kandel et al. 2013). These structures contribute to ensuring the body produces
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Figure 3.3: Lateral view of the cerebrum with the frontal lobe, parietal lobe, occipital lobe, temporal
lobe indicated. The central, and lateral sulcus are presented with the premotor cortex
(anterior to the central sulcus) and supplementary motor area (posterior to the central
sulcus) shown in the figure (Marieb and Hoehn 2014).
movements, which are smooth. The basal ganglia receives inputs from the cerebral cortex
and transmit output back to the motor cortex via the thalamus (Kandel et al. 2013).
The cerebellum is located inferior to the cerebrum and posterior to the brain stem. It
is a small structure comprising two hemispheres that contain approximately 10% of the
total mass of the brain (Fredericks et al. 1996), however it contains approximately the same
number of neurons as the rest of the brain combined. The hemispheres are made up of
three lobes: the anterior lobe, posterior lobe and the flocculondolar (FN) lobe presented in
Figure 3.4.
Figure 3.4: Sagittal section of the cerebellum and its attachment to the brain stem – pons and
medulla oblongata indicated. The anterior, posterior and flocculonodular lobe are di-
vided by the primary fissure and posterlateral fissure (Fredericks et al. 1996).
The three lobes are created by a primary fissure (separating the anterior and the posterior
lobe) and the posterlateral fissure (separating the FN and the posterior lobe) (Campbell
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et al. 2005). The median portion of the anterior and posterior lobes are called the vermis,
while the lateral parts are the cerebellar hemispheres (Fredericks et al. 1996). Globally the
cerebellum is responsible for the control and fine-tuning of movement, it also has a role in
motor learning of sequences and internal movement models via feed forward mechanisms
(Kandel et al. 2013).
The cerebellum has three functional regions: the vestibulocerebellum; the spinocerebel-
lum; and the cerebrocerebellum. The vestibulocerebellum occupies the FN lobe and receives
exclusive input from the vestibular system. It has a role in coordination of head and eye
movements relevant for balance and the axial muscles relevant for maintenance of gait and
stance (Fredericks et al. 1996, Kandel et al. 2013). The spinocerebellum occupies the central
portion of the anterior and posterior lobes, the vermis at the midline and the intermediate
portions of the cerebral hemispheres. The spinocerebellum is involved in posture, locomo-
tion, eye movements and controlling proximal and distal body movements (limb to digits),
and muscle tone (Fredericks et al. 1996). The cerebrocerebellum occupies the lateral region
of the cerebellar hemispheres. It receives input from areas of the cerebral cortex, specifi-
cally the sensory, motor and premotor cortices. As such the cerebrocerebellum is involved
in planning and timing of voluntary movements, and cognitive functions such as working
memories (Kandel et al. 2013). For voluntary skilled movements the cerebrocerebellum con-
tributes to movements becoming more rapid, precise and automatic (Fredericks et al. 1996).
The brain stem is the most inferior structure of the brain that connects the cerebrum and
the spinal cord. It is a major conduit, which primary sensory and motor tracts of the CNS
must pass. The brain stem comprises three substructures the midbrain, the pons and the
medulla oblongata (Figure 3.5).
Figure 3.5: The brain stem consists of three structures the midbrain, the pons and the medulla ob-
longata. These structures are inferior to the cerebral cortex and connect the brain and the
spinal cord (Oleksy 2001).
The midbrain contributes to vision, motor control and hearing, the pons mediate posture
and balance, facial and eye movement swallowing and chewing (Purves 2012). The medulla
oblongata is responsible for control of reflex centre for cardiac controls including blood flow
and respiration, and relays sensory information back to the cerebrum (Purves 2012).
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Globally, the brain stem contains several groups of neurons that give rise to direct pro-
jections to the spinal cord, contributing to the control of motor activity (Fredericks et al.
1996). The descending pathways of the brain stem are grouped as medial pathways or
lateral pathways. Medial pathways consist of ventral corticospinal tracts, vestibluospinal,
reticulospinal and tectospinal tracts. These pathways primarily influence the interneurons
and motor neurons that control axial musculature which have a role in balance, control
of posture, synergist whole-limb movement and coordination of movements of the head
and body (Fredericks et al. 1996).The lateral pathways consist of large lateral corticospinal
tracts and rubrospinal tracts that influence the grey matter innervating more distal muscle
of the limbs. These pathways have a role in fine movement control of the distal extremities
(Fredericks et al. 1996).
There are two groups of descending motor pathways involved in coordinated movement;
the pyramidal and the extrapyramidal tracts. The pyramidal tracts consist of the lateral and
anterior corticospinal tracts which are given their name because they both pass through
the pyramids of the medulla oblongata – part of the brain stem. The pyramidal tracts are
the longest and most significant of the descending spinal tracts where fibres originate from
the cerebral cortex (Fredericks, Saladin et al. 1996). The fibers descend from the cerebral
cortex and pass through the midbrain, pons and the pyramid of the medulla oblongata and
project to the spinal cord. At the junction of the medulla oblongata and the spinal cord,
most (~90%) of the corticospinal fibres decussate to cross and descend down the posterior
portion forming the lateral cortiospinal tracts. The remaining fibres continue onto the spinal
cord without crossing which are known as the anterior corticospinal tracts (Fredericks et al.
1996, Shumway-Cook and Woollacott 2007). The fibres of the corticospinal tracts are called
upper motor neurons (UMN). The UMN are motor neurons that originate in the cerebral
cortex or brain stem and synapse to lower motor neurons (LMN), in the ventral horn of the
spinal cord and to the effector muscle. Each LMN innervates muscle fibres within a single
muscle controlling voluntary movement.
The extrapyramidal tracts do not pass through the medulla oblongata and consist of the
tectospinal tract, recticularspinal tract, vestibulospinal tract, and rubrospinal tract (Purves
2012). The tectospinal, recticularspinal, and vestibulospinal tracts project to interneurons
and motor neurons that control axial musculature contributing to balance, posture, whole
limb movements and coordination of head and body (Fredericks et al. 1996). The rubrospinal
tract innervates more distal muscles of the limbs with a role in control of fine movements
of distal extremities (Fredericks et al. 1996).
The spinal cord is the major pathway which sensory and motor information travels be-
tween the brain and the peripheral structures. The nervous tissue structure approximately
40-45 cm in length occupies the spinal column originating from the foremen magnum and
terminating at the lumbar vertebrae two (L2) (Purves 2012). Below L2 the spinal column is
filled with a collection of spinal nerves called the cauda equina. The spinal cord comprises
of spinal tracts (white matter) and spinal neuronal cell bodies (grey matter). The white mat-
42 impaired coordination from hypertonia , ataxia , and athetosis
ter transmits information to the brain via ascending tracts and receives information from
the brain via descending tracts (Kirshblum et al. 2011). The spinal cord comprises of 31
spinal segments of which there are eight cervical, twelve thoracic, five lumbar, five sacral
and one coccygeal. The organisation of the grey and white matter of the spinal cord is
intricate to enable processing of sensory and motor information.
3.1.3 Coordinated movement for running and throwing
Coordinated movement is critical to success in Paralympic athletics; running, wheelchair
racing and throwing. The following will illustrate the features of coordinated movement
relevant for sports performance in running and throwing.
Running
Running is a fundamental motor skill in which maximum velocity is achieved by an optimal
combination of stride length and stride frequency (Salo et al. 2011). To achieve maximal
running velocity requires coordination of complex sequencing of muscle activation (Mero
et al. 1992). Phases of steady state running (top speed) comprise initial contact, mid-stance,
take off, initial swing, mid-swing and terminal swing presented in Figure 3.6. In the early
stance phase, the centre of mass travels down and its forward speed decreases - termed
braking - and in the late stance phase, the centre of mass move upwards and its forward
speed increases - termed propulsion (Hamner et al. 2010). This transition is fluid with
corresponding muscle activity – comprising specific muscle sequence, activation timing and
magnitude of contraction. This results in fluid, accurate movement which occurs rapidly to
enable transition from braking to propulsion.
Figure 3.6: The phases of the running gait cycle comprise initial contact, mid-stance, take off, initial
swing, mid-swing and terminal swing (Smith et al. 2004).
The complex lower limb muscle activity has been investigated, by measuring the elec-
tromyography (EMG) of the muscle during braking and propulsion. Literature suggests,
braking of the limb is provided by the vasti muscles which includes the vastus lateralis,
vastus intermedius, and vastus medialis, and the rectus femoris (Ellis et al. 2014) – collec-
tively the largest contributors for braking and support (Hamner et al. 2010). During propul-
sion the muscles contributing comprise the hip extensors: the superior and inferior gluteus
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maximus and ankle extensors with gluteus medius contributing in high demand situations;
and the ankle extensors: lateral gastrocnemisus; medial gastrocnemisus; and soleus (Ellis
et al. 2014). These results are consistent with a simulation study which reported the soleus
and gastrocnemius muscles were the greatest contributors to propulsion phase with cor-
responding EMG activity (Hamner et al. 2010). As described, the transition between the
braking and propulsion phase relies on producing muscle activity for the desired lower
limb movement; therefore while the lower limb extensors are actively propelling the centre
of mass upwards and forwards, the vasti continue to resist the forward motion. This occurs
rapidly with fluid transition avoiding unwanted co-contraction and the appropriate recruit-
ment of antagonist and agonist muscles (Hamner et al. 2010, Ellis et al. 2014). The muscle
activation patterning and ability to effecting transition from braking to then propulsion is
critical for efficient running performance (Ellis et al. 2014).
Throwing
For successful throwing, an athlete aims to maximize the horizontal displacement of the
throw implement which is determined by the initial horizontal and vertical velocity and the
initial height of release (McGinnis 2005). To perform an overarm throw, requires a specific
movement pattern of the lower limb and the upper limb. This comprises the following
phases; a movement from stride, pelvis rotation, upper torso rotation, shoulder internal
rotation, elbow extension and wrist flexion to follow through (Fleisig, Barrentine, Escamilla
and Andrews 1996b).
There are two aspects of coordination which are required for successful throwing, the
coordination of the body segments to release and the execution of the timing of release of
the implement. To generate maximal velocity of the implements, the body segments rotate
from a cocked position, summing the angular velocities of the lower limb and upper limb
by creating a ‘lag effect’ (Stodden et al. 2006). This occurs when each subsequent segment
follows the one prior to sum the angular velocities of the lower body, trunk and upper body
to follow through (Hirashima et al. 2008).
To achieve this lag effect, requires the coupling of agonist – antagonist activation patterns.
For example in an overarm throw, the rapid elbow extension is a result of muscle activation
and coupling of the bicep and triceps (antagonist / agonist) where the bicep relaxes and
the triceps contracts – extending the elbow. This isolated elbow extension is part of a larger
system towards maximizing horizontal and vertical velocity. For throwing, the shoulder,
elbow and wrist must extend in a specific sequence to generate acceleration of the upper
limb up until the point of release. Highly skilled throwers have been shown to optimise
the humerus and forearm positioning to initiate stretch-reflex about the shoulder, which
promotes high distal segment angular velocity and therefore the implement velocity (Stod-
den et al. 2006). These examples describe the activity of the upper body predominantly;
however the lower limbs are critical in the production of force and transference of momen-
tum contributing to throw distance (Stodden et al. 2006). The effective sequencing of body
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segments during a throw has shown that throwers with greater stride length, faster pelvis
rotation and upper torso rotational velocity result in producing greater throwing velocity
(Stodden et al. 2006). Importantly, the timing of the initial stride contact is considered the
initiation of energy transfer from the lower body through the trunk, contributing to the lag
effect, where the upper torso velocities are twice that of the pelvis velocities (Stodden et al.
2006). This supports the notion that segmental velocity generation which is fluid, accurate
and rapid are necessary for throwing.
Secondly, in throwing, accuracy of the timing of release is a key determinant of perfor-
mance (Leigh et al. 2008). If the release parameter of the hand and fingers is not accurate,
the throw distance achieved will not be the maximal possible. When the release is accurate,
it will not ‘over’ or ‘under’ shoot. If the implement is released too early, the implement
trajectory will be too vertical, or too late, the implement trajectory will be downwards -
affecting performance. The ability to be highly accurate and stabilize execution parameters
for throwing has been investigated where coordination of release parameters improves with
practice (Kudo et al. 2000). The release parameters are in part determined by the coordina-
tion of the distal segments required for throwing (the wrist, hand and fingers). Evidence
suggests that the timing of onset of the finger extension during over-arm throwing is a crit-
ical factor in determining throwing accuracy (Hore et al. 1996). Optimal release parameters
are created by precise movements of body segments and activation patterns to ensure that
the trajectory is optimal for the throw up until the point of release.
3.2 coordination and hypertonia , ataxia and athetosis
Hypertonia, ataxia and athetosis are different impairment types which share a common
characteristic: they all adversely affect coordination. The following will describe each im-
pairment type providing the following:
1. A definition of the impairment;
2. Identification of health conditions associated with the impairment and the neurologi-
cal basis of the impairment; and
3. A description of how the impairment affects coordinated movement: including the
types of movement problems (e.g. co-activation, differentiation).
3.2.1 Hypertonia
Definition
Of the eligible impairment types that affect coordination, hypertonia is unique because it is
a multi-dimensional impairment that affects strength, coordination and range of movement
(Sheean and McGuire 2009).
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Hypertonia is defined as increased muscle tone which is caused by impairment of the
central nervous system. It results in increased resistance to passive lengthening of the mus-
cle (Fredericks et al. 1996). There are three types of hypertonia; spastic hypertonia, dystonia
and rigidity.
• Spastic hypertonia is velocity dependent resistance to passive movement and typically
presents with a clasp-knife where the movement of a limb evokes a stretch-reflex
causing the muscle being stretched to contract, before giving way to the extension of
the joint (Sanger et al. 2003);
• Dystonia is defined as a movement disorder in which involuntary sustained or in-
termittent muscle contractions are present, that cause repetitive movement, affecting
posture (Sanger et al. 2003);
• Rigidity is defined as simultaneous co-contraction of agonist and antagonist, with
immediate resistance to reversal of direction of movement about a joint. However, the
resistance to externally imposed joint movement, is not present at every movement
speed (Sanger et al. 2003). Rigidity is associated with a cog-wheel phenomenon, which
occurs when a hypertonic muscle is stretched and interrupted and rhythmic resistance
is encountered (Fredericks et al. 1996).
Health conditions and neurological basis of the impairment
Table 3.1 presents the types of hypertonia; spastic hypertonia, dystonia and rigidity indi-
cating the primary pathway of the central nervous system (CNS) which is affected, the
distinctive features of the type of impairment and examples of health conditions likely to
cause such impairments.
Hypertonia is a result of damage to the pyramidal or extrapyramidal tracks of the CNS.
Spastic hypertonia is associated with damage to the pyramidal tracts (Sanger et al. 2003)
and can be caused by health conditions such as stroke, cerebral palsy and multiple sclerosis.
Dystonia and rigidity are a result of damage to the extrapyramidal tracts of the CNS.
Dystonia is associated with basal ganglia function, which causes altered control of motor
planning and abnormal regulation of brainstem and spinal cord inhibitory mechanisms
(Berardelli et al. 1998). The features of dystonia include, sustained or intermittent muscle
contraction caused by health conditions such as cerebral palsy, encephalitis and hereditary
or genetic mutations. Rigidity is expressed where there is resistance to passive stretch,
which is independent of both speed and posture. It can be a result of health conditions
such as Parkinsonism and acquired brain injury.
Spastic hypertonia
The neurological basis of spastic hypertonia is a result of damage to the pyramidal tracts of
the CNS. This damage presence with a loss in control of spinal reflexes and voluntary
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Table 3.1: Types of hypertonia; spastic hypertonia, dystonia and rigidity. The primary pathways of
the CNS affected for spastic hypertonia, dystonia and rigidity. The features of the impair-
















































movement contributing to muscle spasms, co-contractions and incoordination of move-
ments. The normal regulation of reflexes involves tailoring contractibility for variable mus-
cle loading (Gallman and Weyhenemeyer 2007). This regulation of reflexes occurs via the
muscles spindles, Gorgi tendon organs and somatosensory receptors including cutaneous
and subcutaneous receptors (Gallman and Weyhenemeyer 2007). However, spastic hyper-
tonia results from UMN impairment where there is a reduction in inhibition pathways
giving rise to hyper-excitability (Mukherjee and Chakravarty 2010). This affects control of
stretch reflex, flexor withdrawal contributing to muscle spasms and co-contraction distur-
bances resulting in lack of coordination of movements (Sanger et al. 2003, Ivanhoe and
Reistetter 2004, Sheean and McGuire 2009). The altered mediation of reflexes results in dif-
ficulty isolating movements across joints (Ivanhoe and Reistetter 2004). Two mechanisms
have been proposed for the altered control of spinal reflexes present in UMN neurological
impairments. The first mechanism suggests the sprouting of afferent axons to previously
inhibitory synapses making them excitatory. The second proposed mechanism is the al-
ternate of receptor sensitivity affecting the control of inhibitory and excitatory pathways
(Sheean 2002, Mukherjee and Chakravarty 2010).
3.2 coordination and hypertonia , ataxia and athetosis 47
Dystonia and rigidity
The neurological basis of dystonia and rigidity are a result of lesions to the extrapyramidal
tracts. The mechanism resulting in dystonia is thought be a result of overflow or irradiation
of excitation (Ivanhoe and Reistetter 2004), and the failure to inhibit excitatory pathways
which result in impaired coordination of movement, affecting gait stability for example
(Sanger et al. 2003). Abnormal patterns of muscle activation which are present with dys-
tonia are typically made worse by voluntary movement initiation (Sanger et al. 2003). The
mechanisms resulting in rigidity, includes a possible increase in the excitability of reflex
pathways as a result of longer latency response (Baradaran et al. 2013) and a disruption in
the control process causing movement slowness (Mazzoni et al. 2012).
Description of how the impairment affects coordinated movement
Specific types of incoordination typical of hypertonia affect the ability to voluntarily per-
form fluid, accurate and movements rapidly. Hypertonia results in: the inability to isolate
movement; perform movements consistently; an increase in the presence of involuntary
contractions (spasm); and an impaired ability to sequence muscle activity to avoid undesir-
able muscle synergies (Sanger et al. 2003, Trumbower et al. 2008).
The effect of hypertonia on performing reaching tasks has been evaluated in people with
neurological impairments such as stroke. Multi-joint reaching tasks require accuracy of
movement sequencing of the trunk, shoulder, elbow and hand to produce the desired re-
sult. The ability to perform reaching tasks in impaired people who have a stroke and have
hypertonia. Evidence suggests that during reaching tasks, people presented with significant
reflex coupling of the elbow flexor and shoulder abductor-extensor muscles when attempt-
ing to produce isolated elbow and shoulder activities (Trumbower et al. 2008). This suggests
that hypertonia contributes to abnormal muscle coordination in functional reaching tasks
(Trumbower et al. 2008). In sport, the ability to isolate joints or produce a sequential move-
ment is important for throwing. Athletes are required to produce extension patterns in
series about the shoulder, elbow and wrist through to implement release to achieve maxi-
mum joint torques. Unwanted reflex coupling of the elbow and shoulder would reduce the
joint torques summation impacting on the throw distance.
Hypertonia resulting from stroke or traumatic brain injury, affects the ability to consis-
tently reach to a target. This is because hypertonia affects the ability to maintain stability
of the endpoint of a movement trajectory. During reaching tasks, people with hypertonia
present with movement rigidity – as a result of elbow and shoulder co-contraction - and
involuntary movements towards the target (Mihaltchev et al. 2005). This has consequences
in a sporting context, for example the end point stability is important in the release of a
throwing implement. Instability of the hand and throw implement at the point of imple-
ment release will impact on the accuracy of the release affecting performance (Hore et al.
2002).
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While stretch-reflex thresholds are a major cause of motor impairments and inter-joint
coordination in people with hypertonia (Musampa et al. 2007), research has suggested
that the reflex thresholds can discriminate between spasticity and rigidity muscle tone
characteristics (Mullick et al. 2013). In patients with dystonia, there is evidence that the
impaired ability to relax muscles, is attributed to longer over-lap of agonist-antagonist
activities (presenting in co-activation) and slowness in voluntary movement sequencing
(Buccolieri et al. 2004). Co-activation of muscles affects the ability to effectively time and
ensure fluidity of movement required for running. In running, the quadreiceps muscles
and hamstring (agonist/antagonist) actions should minimise co-activation to ensure the
temporal timing of movements reflect the global kinematic and kinetic goals (Lacquaniti
et al. 2012).
Hypertonia affects reflex pathways, the ability to isolate movements, consistently per-
form movements repeatedly and activates muscles for desired sequencing. Coordination of




The word ataxia is derived from the Greek word for “lack of order” or “disorderly” (Bas-
tian et al. 1996). The term is used to describe incoordination of movement, with increased
variability and poor accuracy of movement (Ilg and Timmann 2013). Ataxia often presents
clinically with balance dysfunction and incoordination of multi-joint movements, without
muscle weakness (Armutlu 2010). It can be present in single limbs but often prominent as
abnormal gait (Fredericks et al. 1996).
Health conditions and neurological basis of the impairment
Health conditions likely to cause ataxia include multiple sclerosis, stroke, brain tumor, cere-
bral palsy (Fredericks et al. 1996). Other causes such as toxicity and hereditary conditions
(e.g Wilson’s disease) have also been known to cause ataxia. Ataxias can be classified into
four groups including cerebellar ataxia, sensory ataxia, frontal ataxia and vestibular ataxia.
Cerebellar ataxia’s are a form of ataxia originating in the cerebellum, they can be further
classified into sporadic - no likely genetic cause - or inherited ataxia (Manto and Marmolino
2009). Sensory ataxia is caused by a loss of sensory input for the voluntary movement con-
trol. It is often associated with peripheral neuropathies and conditions affecting dorsal
columns of the spinal cord. Sensory ataxia are distinguished from cerebellar ataxia because
if a patient with sensory ataxia is deprived of visual input there is marked worsening of
movement coordination (Chhetri et al. 2014). Frontal ataxia is also known as Bruns Ataxia
and are characterised by dysfunction of the frontal lobe resulting in difficulty in initiat-
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ing locomotion, which typically presents with a broad wide-gait characteristic (Thompson
2012). Vestibular ataxia is associated with dysfunction of vestibular system and can have
unilateral or bilateral presentations affecting balance (vertigo) and often causing nausea.
Of the four types of ataxia described, two primarily affect the sensory system – sensory
and vestibular ataxia - while the remaining affect the motor system - cerebellar and frontal
ataxia. Sensory ataxia’s result from conditions where the motor control centres are func-
tional, while the sensory pathways are disrupted. This results in inadequate transmission
of sensory information such as spatial awareness and proprioception of the limbs to the
motor centres (Fredericks et al. 1996). Motor ataxia comprise conditions which sensory
pathways are intact, however the motor command - from the central structures such as the
cerebellum, frontal lobe - have impaired ability to processing and integrate information
(Fredericks et al. 1996)). Because coordination includes the ability to perform voluntary
movements the motor ataxia affecting motor output are relevant for this thesis.
Description of how the impairment affects coordinated movement
Motor Ataxia results in impaired movement termination (dysmetetria) and impaired move-
ment velocity and acceleration (dyskineasis) (Armutlu 2010). People with ataxia have de-
layed movement initiation when performing fast elbow, wrist and finger movements such
as the finger to nose test (FTN)- a clinical test used to evaluate coordination of the upper
limb (Gagnon et al. 2004). Ataxia affects a person’s ability to perform rapid movements
where they may have reduced ability to accelerate to a target and have a larger magnitude
of deceleration (Diener and Dichgans 1992). Evidence suggests people with ataxia expe-
rience a delayed antagonist activity when performing reaching tasks and have increased
agonist EMG activity in elbow flexion contributing to dysmetria – a lack of coordination
of movement characterised by ‘over’ or ‘under shooting’ (Diener and Dichgans 1992). The
inability to effectively initiate and produce the required sequence of muscle activity, will
impact on sports performance especially throws, where acceleration of body segments is
critical for performance (Stodden et al. 2006)). Ataxia also affects the ability to modulate
and control force for a specific task, for example maintaining low isometric force to hold
a pen (Diener and Dichgans 1992). In a sporting context, the magnitude of force produced
and maintained for throwing is important, should the grasp of the implement be not appro-
priate the implement can slip into an undesirable grip potentially impacting of performance
(Hore et al. 2002).
Ataxia causes dysdiadochokinesia, which is the impaired ability to rapidly alternate bi-
manual movements. For example, a person with ataxia who tries to rub the palms of their
hands together as fast as possible is slowed due to delayed movement initiation and ab-
normalities in movement velocity of the required muscles (Fredericks et al. 1996). Complex
activities involving agonists and antagonists (e.g FTN), or coordination between the head,
trunk and lower limbs are impaired for people with ataxia (Ilg and Timmann 2013). In
50 impaired coordination from hypertonia , ataxia , and athetosis
running, the ability to rapidly alternate the lower limbs and upper limbs is important for
effective gait cycle to accelerate and maintain top speed (Hamner, Seth et al. 2010).
Evidence shows that ataxia impairs the ability to predict postural adjustments (Ilg and
Timmann 2013). In quiet standing, a person with ataxia performing rapid arm raises experi-
ences postural instability due to the impaired sequencing of muscles of the trunk to adjust
appropriately to the task (Bastian et al. 1996). In addition to trunk instability, evidence
suggests that the ability to modulate the interaction between joint torques is impaired in
people with ataxia. When performing a reaching task people with ataxia will ‘over-shoot’
as a result of inappropriate sequencing of joint torques at the elbow and the shoulder (Bas-
tian et al. 1996). The rate of movement and the inability to adjust/predict movement speed
is impaired (Bastian et al. 1996). For locomotion, ataxia results in increased step width,
variable foot placement and irregular foot trajectories making a person unstable and prone
to falls (Ilg and Timmann 2013). This has implications for sports where, for running, stride
length and stride frequency determine performance (Mann and Hagy 1980). The stability
of the stride should be uniform in order to maintain top speed. This is because the fluidity
of the gait is important to have optimal flight time and contact time to propel the body
forwards (Hamner et al. 2010). If there is variability of stride length, this will result in more
postural adjustments to be required and therefore affect performance outcome.
Ataxia affects the ability to coordinate movement required for reciprocal tapping tasks,
bimanual tasks and inter-limb coordination. Ataxia results in impaired muscle activation,
sequencing of movement and anticipatory behaviours (e.g. postural adjustments). These




Athetosis is defined as continuous involuntary writhing, sinuous movement that prevents
maintenance of a stable posture (Walker 1990, Sanger et al. 2010). It is suggested that volun-
tary activity increases athetosis causing forceful muscle contractions (Hallett and Alvarez
1983).
Health conditions and neurological basis of the impairment
Health conditions likely to cause athetosis include Huntington’s disease and cerebral palsy.
Involuntary movement disorders have been associated with damage or abnormalities to
the basal ganglia (Fredericks et al. 1996). Lesions to the striatum or globs pallidus result in
disruption of appropriate muscle activation in people with athetosis (Hallett and Alvarez
1983). Athetosis is involuntary movement which takes place in the background, where the
production of voluntary movement can be adversely affected.
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Description of how the impairment affects coordinated movement
It has been suggested that athetosis is a result of excessive co-contraction (Hallett and Sud-
hansu 2013). In people with athetosis, voluntary movements resulted in increased forceful
muscle activity – which is referred to as ‘overflow’. The over-flow results from motor com-
mands which are sent to too many muscles with too much intensity (Hallett and Sudhansu
2013). In throwing, precision of the arm from a cocked position to follow through is impor-
tant for performance. If athletes experience excessive unwanted muscle contraction during
this movement, the steadiness, accuracy and fluidity of the movement will be impaired
reducing throw distance.
Patients with athetosis have impaired ability to produce appropriate muscle activation -
both timing and magnitude - when performing rapid flexion-extension of the upper limb
(Hallett and Alvarez 1983). This is thought to be caused by impaired activation of correct
muscles, timing of activation and excessive over-activity (Hallett and Alvarez 1983). Evi-
dence shows that compared to people without athetosis, people with athetosis performing
flexion-extension movements presented bursts of EMG activity of the biceps longer than
normal, or had bursts of rhythmic activity which allowed patients to complete the move-
ment using the tremor (Hallett and Alvarez 1983). The tremor occurred when, one arm is
extended the overflow of activation produces a tremor eliciting a flexion pattern. However
the burst of biceps activity overlapped with the triceps activity causing the movement to
halt - co-contraction (Hallett and Alvarez 1983). Patients with more severe athetosis had
higher resting EMG activity of the muscles and when attempting the flexion-extension pat-
tern had prolonged co-contraction of agonist and antagonist. This co-contraction activity
was so strong that some patients were unable to complete or initiate the task at all (Hallett
and Alvarez 1983). This experiment demonstrates key features of athetosis which affects
the ability to coordinate movement.
This evidence suggests that athetosis is characterised by involuntary movements which
results in impaired ability to have affective muscle synergies to produce smooth, rapid
movements for the desired result. In sport, over-activation of muscles or co-contraction im-
pairs the fluid and rapid motion required for throwing. For standing-throws, the phases
of movement comprise; stride, pelvis rotation, upper torso rotation, shoulder internal rota-
tion, elbow extension and wrist flexion to follow through (Fleisig, Escamilla and Andrews
1996). This requires activation of alternating lower limbs to produce acceleration in the
lead up, and the upper limbs to avoid co-contraction or halting of the upper limb (Fleisig,
Barrentine, Escamilla and Andrews 1996b). This is because the fluidity of the upper limb
to implement release is important in maximizing horizontal and vertical velocity which
affects throw distance (Stodden et al. 2006).
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3.3 measures of coordination for classification
3.3.1 Current methods of measurement
The current tests used in classification to evaluate impaired coordination include the finger
to nose test, the heel draw test, rapid alternation of limb movements (flexion and extension),
staying still (where arms are outstretched in front of a person and stability of the arms
and fingers are reviewed) and differentiated movements (isolated inter-phalanges flexion
without coupling of movement of the other phalanges).
For the purposes of classification, these tests have a number of advantages. They are used
widely in clinical settings, which has implications when recruiting and training classifiers
who will already be familiar with the techniques implemented in classification. These tests
are also generally inexpensive, have short administration time and require minimal equip-
ment. For example FTN test employs a stop watch and takes approximately 5 minutes to
complete. These tests are also space efficient where they do not require large amounts of
space to conduct the tests. The heel draw test, for example, requires the participant to lie
supine on a massage table, and draw the heel of one leg up towards the chest, while the
other leg remains flat on the massage table. To conduct this test, requires a massage table
and space for the classifier to move around it. Many of these tests used in classification are
considered best practice.
3.3.2 Problems with current methods
The Position Stand states, that a valid measure of impairment should be - reliable, parsi-
monious, ratio-scaled, sports specific, isolate one impairment type and resistant to training
(Tweedy and Vanlandewijck 2011). Unfortunately, while the current establish measures of
coordination meet some of the criteria, there are several important disadvantages, which
make them unsuitable methods of evaluating coordination for classification. To illustrate
some of the limitations of the FTN test will be described. This is because the FTN a promi-
nent test used to evaluate ataxia of the upper limb and it is representative of the character-
istics common to other coordination tests previously listed.
The FTN requires participants using their index finger to move as quickly and accu-
rately as possible from the participant’s nose to a target or the clinicians own finger
which is placed shoulder height, arms-length from the participant and back again (Swaine,
Desrosiers, Bourbonnais and Larochelle 2005). The outcome measures that may be em-
ployed are time to complete a number of cycles in 20 seconds (quantitative outcome) or
more often used is a clinical score providing an indication of the degree of tremor and
dysmetria – a lack of coordination of movement characterised by ‘over’ or ‘under shooting’
- using ordinal scale (e.g. 0-3). Where “0” is a severe deficit, “1” is a moderate deficit, “2”
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is a slight deficit and “3” is normal performance or the absence of a deficit (Swaine and
Sullivan 1993) (qualitative outcome).
There are several disadvantages to implementing a clinical measurement of coordination
such as the FTN for classification. Reliability for time to complete five cycles of FTN have
reported moderate inter-rater reliability (mean Intra-class correlation coefficient 0.79) in
non-disabled participants (Swaine, Lortie and Gravel 2005). The comparison of clinicians
scoring of a patients degree of dysmetria and tremor utilising the clinical scoring system
(e.g. 0-3 scale) only reported a slight to fair agreement (Kappa values 0.18-0.40) (Swaine
and Sullivan 1993). These results, suggests the FTN, has a poor ability to reliably repeat a
coordination test on a person and provide the same outcome. This has consequences in a
classification, which relies on robust evaluation of impairment - coordination - to inform
allocation of class, demonstrating the limitation of the use of these tests for Paralympic
classification.
Literature shows many variations of the FTN which alter the test method and outcome
measures. The FTN can be conducted in various ways including; the hands starting posi-
tion, where a participant starts with their finger on the target or a participant starts the
test with their finger on their nose; the participants arm motion – either isolated elbow
flexion or combined with abduction; the participants body position where the FTN can
be conducted seated or lying supine; with eyes open or eyes closed (Swaine, Desrosiers,
Bourbonnais and Larochelle 2005, Swaine, Lortie and Gravel 2005). Additionally, literature
suggests there are a range of ordinal scales employed for the FTN, including 3, 4 or 5-point
ordinal scales (Swaine, Desrosiers, Bourbonnais and Larochelle 2005). In addition to the
variability of these scales employed, ordinal scales (e.g. 0-3 scale), do not provide a mag-
nitude of the amount of impairment; rather they provide a ‘rank’ only. For example, an
athlete with a score of “2” is not twice as uncoordinated as an athlete with a score of “1”.
A ratio-scaled measure of coordination is necessary to enable comparison between athletes
Tweedy and Vanlandewijck (2011). These types of measures will also, in the future permit
regression analysis to determine the amount of variance of coordination impairment that
affects throwing performance.
For classification, the relationship between coordination impairment and activity limita-
tion in sport needs to be determined. The validity of the FTN for sports performance has
not to our knowledge been reported in the literature, questioning the applicability of this
test in a classification setting. The FTN only evaluates the upper limb coordination impair-
ment, which for seated or upper limb dominant sports could be appropriate. However, for
running and standing throwing, it is necessary to evaluate the validity of the upper limbs
and the lower limbs and to determine the relative strength of association with performance.
Therefore the FTN does not provide information about the amount of coordination impair-
ment of the lower limbs, making it not appropriate for use in sports which utilise the lower
limbs – running and standing throwing.
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While the FTN is an internationally recognised and widely adopted test of upper limb
coordination and is current best practice, this section has illustrated there are several lim-
itations which make it not appropriate for evidence-based classification. Specifically, the
FTN lacks specific and standardised descriptions of the participant setup, execution and
measurement outcomes utilised, including the reliability of the measure itself. The validity
of the FTN has not been established for sports, and the test only evaluates the upper limb –
and therefore it does not provide information of coordination impairment of the lower libs
– which is required for many Paralympic sports. For these reasons, these limitations and
potential sources of error could have an undesirable impact on the classification process
affecting the outcome. As indicated, the characteristics of the FTN coordination measures
resemble other available measures, and therefore warrant the development of novel mea-
sures of coordination for Paralympic classification.
3.3.3 Development and Reliability of a Battery of Novel tests of coordination
Test development
A novel battery of upper and lower limb coordination tests for the purpose of Paralympic
classification in athletics. The development of the novel battery was undertaken by a panel
of experts comprising physiotherapists (n = 3), medical doctors (n = 1), occupational ther-
apist (n = 1), international classifiers (n = 2) and published sports scientists (n = 4). All
panel members had experience with Paralympic Sport and tests developed were in accor-
dance to the Position Stand. The panel considered the implications of the globalisation of
methods including the selection and availability of specialised equipment, the participant’s
instructions, communication and participant position.
Figure 3.7 presents the schematic representation of the research required for the devel-
opment of evidence-based classification systems for classifying impaired coordination. The
measurement of coordination (Sector 1) is required to be developed for running, wheelchair
racing, standing throwing and seated throwing (Sector 2). The battery described is relevant
for this thesis and comprises running and standing-throw and seated-throw as highlighted
in Figure 3.7.
The panel developed a battery of five tests relevant to sports in athletics, which assessed
the extent to which voluntary movements are fluid, accurate and performed rapidly. The
panel developed three lower limb tests for running and standing throwing and two up-
per limb coordination tests. The features of these tests comprise reciprocal and discrete
tasks performed with speed and accuracy which are underpinned by previous research
conducted by Fitts (Fitts 1954, Fitts and Peterson 1964).
Fitts (1954) investigated performance on reciprocal tapping tasks which explored the rela-
tionship between movement speed, accuracy and difficulty. The experiment demonstrated
that a trade-off exists between movement speed and movement accuracy, where to be accu-
rate required a proportionally slower movement time. The experiment required particpants
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Figure 3.7: Schematic representation of the research methods for coordination addressed in this
thesis - Measures of impaired coordination (Sector 1) and the Tests of Performance for
running, standing-throw and seated-throw (Sector 2).
to use their hand to tap between two plates which would record the movement time (sec-
onds). The experiment altered the target width – where the more narrow the target zone
the more difficult the task – and the distance between the targets. The results demonstrated
that the higher the degree of difficulty (e.g. moving the target further apart or reducing the
target width) affected the speed and accuracy in which the tasks were able to be performed.
The panel developed a coordination battery which comprised upper limb discrete aiming
tasks - all requiring speed and accuracy. The discrete activities were also underpinned by
work completed by Fitts and Peterson (1964) who evaluated the capacity of discrete motor
responses of the upper limb. The novel activities expanded upon Fitts’ work and were
performed in the vertical and horizontal planes, with the participant set-up in a position
relevant for throwing.
The battery of reciprocal and discrete tasks were developed with the core athletic dis-
ciplines – running, wheelchair racing, standing-throwing and seated-throwing – under-
pinned by the key principles of Fitts (Fitts 1954, Fitts and Peterson 1964). The tests for run-
ning and throwing use positions and body structures relevant to performance and utilise
reciprocal and discrete tapping tasks with visually constrained and unconstrained task (al-
tering the degree of difficulty). Sports where evaluations of lower limb coordination are
required include running and standing-throwing. Reciprocal tapping tasks were designed
to be performed for the upper limb (unilaterally and bilaterally) and the lower limb (unilat-
erally and bilaterally). The reciprocal tapping tasks best mimic the coordination patterns of
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Figure 3.8: Two printed circuit board (PCB) placed next to each other, the target area (5 cm) marked
with red bars.”
running, where running is a cyclical task requiring bilateral alternating movement. Sports
where evaluations of upper limb coordination are required include wheelchair racing and
seated-throwing and standing-throwing. Discrete aiming tasks were designed to be per-
formed by unilaterally by the upper limb only. The tests employ discrete aiming tasks,
were such that the panel recognised that throwing is a single maximal effort movement
which requires a coordinated movement pattern. Therefore it was necessary that the eval-
uation of upper limb coordination for throws was discrete in nature rather than reciprocal
tapping which is not relevant to the motor coordination required in throwing.
A review of the literature revealed a single test called the “Box and Block” test was
appropriate for evaluating the grasp and release aspects and fine motor dexterity for use in
classification. This is because it was consistent with the criteria of a valid impairment test
outlined by the Position Stand. The standardised test has demonstrated reliability in people
with impairments, with high intra-class correlation coefficients (ICCs >0.85) (Desrosiers
1994, Platz et al. 2005). There are established norms, for the Box and Block for adults
(Mathiowetz, Volland, Kashman and Weber 1985) and children (Mathiowetz, Federman and
Wiemer 1985), enabling meaningful interpretation of the test. The outcome measure of the
activity is the number of blocks moved in 60 seconds – a ratio-scaled measure. Furthermore,
it is well understood that the release parameter required for throwing has previously been
shown to be critical for performance (Hore et al. 2002, Spathis et al. 2014), of which the Box
and Block provide a measure of grasp and release.
Test of Upper limb Coordination for seated and standing throwing Equipment
Participants performed all upper limb tests using their dominant throwing arm only. The
equipment was composed of two specialised fiberglass Printed Circuit Boards (PCBs) (175mm
x 120mm) which comprised gold plated copper tracks. Figure 3.8 presents two PCBs placed
next to each other. The PCBs were set at two conditions; the first was visually constrained
when each PCB was set to a target area of 5 cm in width (Figure 3.8 indicated with red
bars) or visually unconstrained where there was no-target area.
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Figure 3.9: The index finger of the dominant throwing hand of participants is covered in conductive
tape. The conductive tape is an aluminum material with an adhesive surface, 3mm thick
rubber foam with adhesive backing and strapping tape to secure the conductive tape to
index finger.
The PCBs were connected to a MuscleLab unit (Ergotest, Norway) which recorded the
mean movement time between the two PCBs in seconds. The participant’s index finger
was covered in conductive strip adhesive surface, 3mm thick rubber foam with adhesive
backing and strapping tape to secure the conductive tape to index finger which registered
contact on the PCBs presented in Figure 3.9.
The PCBs were mounted onto adjustable custom-build base platform (for horizontal tests)
and L-shaped platform (for vertical tests) (Help enterprises, Australia) see Figure 3.10 (a)
and (b).
The upper limb coordination tests had PCBs mounted in required participants to start
on a target area of the PCBs closest to the person’s torso and move as fast as possible to
a second target on a PCB placed further away from their person in the either vertical or
horizontal plane. The test begins when the participant is positioned with their finger on
the closest PCB, and when the researcher says “ready”. In their own time, the participant
moves as quickly and accurately as possible to the second PCB. The participant then re-
sets to the closest PCB and the test is repeated for a total of 10 times. Participants were
familiarized with each test in the battery performing at least three practice trials at slow,
moderate and maximal speeds before completing two maximal formal trials in lots of ten.
Discrete Sagittal Visually Constrained (DSVC)
Presented in Figure 3.10 Panel (a) presents the set-up of the base platform for horizontal
tests, the middle of the target area of the PCB furthest from the participant is set 30 cm away
from PCB closest to the participant. In the sagittal plane, the participants’ anterior aspect
of their shoulder was in line with the outer edge of the PCB closest to the participant. The
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(a) (b)
Figure 3.10: The adjustable custom-build base platform for horizontal tests (a) and vertical tests (b)
(Help enterprises, Australia). PCBs were able to be secured in specific configurations to
the bases for the upper limb coordination tests.
non-tested hand placed across the chest resting on the opposite shoulder. Discrete Sagittal
Visually Unconstrained (DSVU) used the same protocol as the DSVC, however the PCBs
were set to have no target area and participants could make contact anywhere on the plates
to register a trial.
Discrete Vertical Visually Constrained (DVVC)
Figure 3.10 Panel (b) presents the set-up of the L-shaped platform with the PCBs placed
30 cm apart from target area to target area. Participants sat on an adjustable chair (River
Abilities, Australia) with feet firmly on the floor and the non-tested hand placed across the
chest resting on the opposite shoulder. The L-shaped platform placed against a wall with
one surface on the table and the other up the wall. Two PCB plates were positioned on the
flat and vertical surface 30 cm apart. Participants sat facing the L-Shaped frame with their
shoulder in line with the midline of the plates. Discrete Vertical Visually Unconstrained
(DVVU) adopted the same set up and protocol as the DVVC however, the PCBs had no
target area and the participants could make contact anywhere on the plates to register the
trial.
Box-and-Block
The participants sat on a chair, trunk upright and feet flat on the floor. A box placed in
front to the participant contained two compartments 53.7 cm x 25.4 cm x 8.5 cm separated
by a partition in the middle creating two containers 25.4 cm each presented in Figure 3.12.
The participants had their greater trochanter in line with the bottom of table and 30 cm
away from the edge of the table. The compartment on the participant’s throwing hand was
filled with blocks 2.5 cm x 2.5 cm x 2.5 cm. The participants were instructed to move the
blocks one by one as fast as possible, from one compartment to the other within 60 seconds.
Participants have a 15 second practice trial with their non-dominant hand. Participants are
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(a)
(b)
Figure 3.11: Setup of the upper limb coordination tests. Panel (a) the tests which use horizontal
movement and Panel (b) the set-up of the tests which use the vertical test set-up with
participant positioned in front of the L-shaped based platform.
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Figure 3.12: The set-up of the Box and Block test; a box placed in front to the participant contained
two compartments 53.7 cm x 25.4 cm x 8.5 cm separated by a partition in the middle
creating two contained 25.4 cm each. The participant is shown moving one block from
the closest compartment across the midline to the other compartment as quickly as
possible.
advised that their fingertips must cross the partition when transferring the blocks and that
they do not need to pick up the blocks that might fall outside of the box. The number of
blocks moved from compartment one to the other is recorded.
Tests of Lower limb Coordination for running and standing throwing Equipment
Three tests were used to assess lower limb coordination for running and standing throwing.
The three tests were the Reciprocal Unilateral Tapping with a 5 cm target (RUT5); Reciprocal
Unilateral Tapping with a 12 cm target (RUT12); and Reciprocal Bilateral Tapping (RBT).
Both lower limbs were tested separately for the RUT5 and the RUT12, with the least and
most affected limbs in athletes with disabilities identified and recorded.
All lower limb coordination tests required participants to move their feet as quickly and
accurately as possible between target areas on the PCBs for 15 seconds in a reciprocal tap-
ping action. Participant performs three familiarisation trials for each separate test at slow,
medium and fast paces before the formal trials were commenced. The researcher provided
feedback between practice trials with recommendations based on per cent of errors to ei-
ther increase or decrease tapping speed. Two formal trials were recorded, however if the
difference between these trials was greater than 5% a third trial was performed. If the error
rate of a trial was greater than 10% of the total number of plate contacts an additional trial
was performed.
Participants sat on a height-adjustable bench with weight through the hips and support
from the non-testing foot. Figure 3.13 presents the set-up of the big toes were fitted with
aluminum conduction strip which when making contact with the PCBs registered.
Reciprocal Unilateral Tapping with 5 cm target (RUT5)
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Figure 3.13: The big toe of the foot covered in conductive tape. The conductive tape is an aluminum
material with an adhesive surface, 3mm thick rubber foam with adhesive backing and
strapping tape to secure the conductive tape to dorsal surface of the big toe.
Figure 3.14 presents the set-up of the participants where the centre of two PCBs were
positioned 12.8 cm apart in the frontal plane and tilted 20° relative to the ground see Figure
3.14 Panel (a). The PCBs were positioned so that the hip of the tested leg was aligned with
the centre point between the two PCBs. Participants tapped the big toe of the tested foot
alternately between 5 cm wide target areas as fast and accurately as possible (Figure 3.14
(b)).
Reciprocal Unilateral Tapping with no target (RUT)
Two PCBs without a designated target area were positioned directly next to each other
in the frontal plane to facilitate maximal movement speed otherwise the instruction for this
test was the same as RUT5. The RUT uses the same set-up of RUT5 as presented in Figure
3.14.
Reciprocal Bilateral Tapping (RBT)
Four PCBs without designated target areas were positioned next to each other in a 2x2
formation. The platform supporting the front plates was tilted to 30° and the back plates
to 15° relative to the horizontal. Participants started this test with the right foot on the
right front plate and the left foot on the left back plate. The test required participants to
simultaneously cycle from the front plate to back plate with the big toes as fast as possible
as presented in Figure 3.15. For example, the first movement would be right toe to right
back plate and left toe to left front plate.
Figure 3.15 shows a participant performing the Reciprocal Bilateral tapping task. The
frame was positioned 15 cm away from the edge of the sitting bench, and the proximal
platform was raised to a 15° angle to the ground and the distal platform was set to 30°
to the ground. Four PCBs were used in this test where two plates were positioned on the
proximal platform and the two on the distal platform.
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(a) (b)
Figure 3.14: The set-up of the reciprocal unilateral tapping tests. The centre of the PCBs is 12.8 cm
apart in the frontal plane and tilted 20° relative to the horizontal. Panel (a) is the set-up
of the participant with their feet on the proximal platform of the frame the toes are in
line with the knees when viewed from the side of the participant. Panel (b) presents the
participant performing the activity with the left foot making the contacts and the right
foot as support.
Figure 3.15: A participant performing the Reciprocal Bilateral tapping task
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The frame was positioned 15 cm away from the edge of the sitting bench, and the proxi-
mal platform was raised to a 15° angle to the ground and the distal platform was set to 30°
to the ground. The midline of the body was aligned with the middle of the four plates and
the toes were directly below the knees, when viewed from the side of the participant when
the participant’s feet were on the proximal platform of the frame.
Reliability
The Position Stand calls for measures of impairment to be reliable (Tweedy and Vanlan-
dewijck 2011). Therefore the reliability of the novel coordination test battery of upper limb
(for throwing) and lower limb tests (running and standing throwing) are required. The fol-
lowing is a description of outcomes of an experiment from our laboratory data conducted
from an unpublished honors thesis.
The aim of the experiment was to evaluate the inter-rater reliably of a novel coordina-
tion battery for running, seated and standing throwing. Twenty non-disabled subjects (10
male; 10 female) between the ages of 18 and 35 (mean ± SD; 20.3 ± 1.2) participated in the
experiment. The participants attended two testing sessions approximately 1 hour in dura-
tion, with the second testing session completed within seven days of the first. Participants
completed the battery of tests of coordination in a randomised order including five upper
limbs coordination tests; Discrete Sagittal Visually Constrained (DSVC), Discrete Sagittal
Visually Unconstrained (DSVU), Discrete Vertical Visually Constrained (DVVC), Discrete
Vertical Visually Unconstrained (DVVU) and the Box and Block test. The five lower limb
coordination tests include; Reciprocal Unilateral Tapping with a 5 cm target (RUT5) tested
on the left and right leg separately, and Reciprocal Unilateral Tapping with no target (RUT)
tested on the left and right leg separately, Reciprocal Bilateral Tapping (RBT).
Reliability of the coordination battery was evaluated by Intra-class Correlation coeffi-
cients (ICC) using a two-way random model (2,1) (Weir 2005), Standard Error of Measure-
ment (SEM), and 95% confidence interval (CI). Table 3.2 presents the upper limb and lower
limb coordination tests reliability analysis including the ICC (95% CI), SEM, Mean SD and
95% CI for each test.
The mean ICC upper limb coordination tests for throwing was 0.89 (range 0.88-0.92)
and for the lower limb the mean ICC was 0.87 (range 0.77-0.93). The results report a high
ICC for upper and lower novel tests of coordination and acceptable SEM. Further research
evaluating their validity for running, seated and standing throwing is now warranted.
3.4 chapter summary
• Coordination is defined as the ability to voluntarily execute fluid, accurate movements
rapidly. Hypertonia, ataxia and athetosis adversely affect coordination including the
ability to isolate movements, and consistently perform activities accurately using ap-
propriate muscle sequencing both the timing and magnitude of activation.
64 impaired coordination from hypertonia , ataxia , and athetosis
Table 3.2: Reliability of the novel coordination tests for the upper limb and lower limb. The table













































0.94 (0.84-0.98) 0.01 0.01
Bilateral
reciprocal
0.84 (0.57-0.94) 0.02 0.04
ICC = Intra-class Correlation Coefficients, SEM = Standard Error of Measurement, and 95% CI = 95% Confi-
dence Interval.
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• Coordination is important for sporting activities. For running, the sequencing of ag-
onist and antagonist, required for braking and propulsion must recruit the muscles
appropriately to achieve the desired result; for throwing the segmental recruitment
of muscles to maximize horizontal and vertical velocity and optimize release of the
throws implement is determined by the coordination of distal segments of the upper
limb.
• Measures of coordination are required for evidence-based classification which are
reliable, ratio-scaled, parsimonious, sports specific, isolate one impairment type and
resistant to training.
• Current established measures of coordination (e.g. FTN test) are not suitable. There-
fore a novel battery of tests has been designed to fulfil the criteria outlined by the
Position Stand which established reliability. Test for running and standing throwing
comprise reciprocal tapping tasks unilateral and bilateral activities. Tests for seated
throwing comprise discrete tasks in the vertical and horizontal plan using the domi-
nant throws hand only.

4
I M PA I R E D R A N G E O F M O V E M E N T F R O M H Y P E RT O N I A A N D
O T H E R H E A LT H C O N D I T I O N S
4.1 range of movement
4.1.1 Definition
Range of Movement (ROM) is a measure of the amount of motion which exists about a joint
quantified in degrees. Evaluation of ROM across more than one joint is acquired by two
outcomes measurements: one in degrees and the other as a distance (e.g. cm) (Holt et al.
2009). ROM is determined by the movement of one body segment in relation to another,
where a body segment is the portion of body which lies between two or more joint(s). There
are three main types of range of movement: Passive Range of Movement; Active Range of
Movement; and Functional Range of Movement.
Passive ROM (PROM) is defined as the amount of motion achieved about a joint(s) which
is acted upon by another source (i.e. in the absence of active muscle contraction), usually
done by gravity or an examiner moving the body segment through a ROM (Knudson 2006).
PROM provides information about the status of non-contractile properties, that is, tissues
which lack the inherent ability to contract (e.g. ligaments, joint capsule, fascia, bursa) (Gross
et al. 2009). The inability to achieve full PROM is referred to as the pathological limit.
These limits can be attributed to end feel which is characterised as hard (bony), abrupt
and firm (ligamentous), soft (tissue approximation), elastic (tendinous), and/or pain (client
restricting the motion) which is referred to as empty end feel (Gross et al. 2009). While
PROM is an eligible impairment type for Paralympic sport, the IPC state that hypermobility
of joints (moving beyond the normal range), joint instability, joint dislocations and acute
conditions affecting ROM such as inflammatory conditions (e.g. arthritis), and pain limiting
ROM are not eligible for competition (IPC 2007a).
Active ROM (AROM) is defined as the amount of motion which is attained by a subject
that independently and voluntarily moves a joint(s) (Norkin and White 2009). It provides
information about the status of the contractile (e.g. muscle, tendons) and non-contractile
(e.g. ligaments, bones) structures of the joint (Gross et al. 2009). AROM is dependent on
a subjects muscle strength and coordination to move a body segment (Norkin and White
2009). The relationship between PROM and AROM is described, as the amount of mo-
tion permitted by the associated joint structures (PROM) relative to the subjects ability to
produce the motion at a joint (AROM) (Gross et al. 2009).
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Functional ROM is defined as the amount of motion required to perform specified activ-
ities of daily living (Norkin and White 2009). For example, the amount of shoulder ROM
required to perform activities including eating - the specified activity - comprises five to
45° shoulder flexion, five to 35° shoulder abduction, five to 25° shoulder internal rotation,
70 to 130° elbow flexion, from 40° forearm pronation to 60° forearm supination, from 10°
wrist flexion to 25° wrist extension, and from 20° wrist ulnar deviation to five° wrist radial
deviation (Safaee-Rad et al. 1990).
4.1.2 Anatomical structures that determine normal Passive ROM
The amount of ROM achieved is determined by the anatomical properties within or about
the joint including the contractile (e.g. muscles, tendons) and non-contractile structures
(e.g ligaments, bones), the design of the joints which determine the plane of movement and
anatomical ranges (Riley and Van Dyke 2012).
The contractile and non-contractile structures including muscle, tendon, ligaments and
bones are responsive to the change over time as a result of aging, injury and loading -
potentially altering ROM. Muscles comprise of contractile and connective tissues which
are organised specifically to facilitate effective movement of a joint(s). Connective tissue
called collagen is arranged in bundles and found in tendons, ligaments and skin. A tendon
is a band of fibrous connective tissue which joins muscle to bone. Ligaments are fibrous
tissues that connect bones to other bones. The elastic/fibrous structures (muscles, tendon
and ligaments) have restorative capacity to preserve function, where excessive lengthening
can result in dysfunction or injury which can affect the ROM of joint(s).
ROM is influence by the design of a joint(s) which is formed by bones. Each joint or
series of joints are able to allow movement in specific planes by way of its arrangement.
For example, a knee joint is a synovial joint formed by the femur and tibia, which moves in
one axis to flex or extend the lower limb. The hip joint is a ball-and-socket joint formed by
the femur and the pelvis. Hip motions include flexion and extension around the transverse
axis, lateral and medial rotation around the longitudinal axis and abduction and adduction
around the sagittal axis of the femoral head. The pathological limits will determine a joint(s)
ROM (Gross et al. 2009, Holt et al. 2009).
4.1.3 ROM for running and throwing
Running
The ability to move a joint(s) through full ROM contributes to success in running. This
is because stride length and stride frequency are determinants of running performance
(Salo et al. 2011), where stride length is determined by the athlete’s size and joint flexibility
(Majumdar and Robergs 2011). For running, the hip, knee and ankle joints have the greatest
influence on running performance (Mann and Hagy 1980, Novacheck 1998). The running
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gait comprises initial contact, mid-stance, take-off, initial swing, mid-swing and terminal
swing phases (Hamner et al. 2010). To perform each phase requires the lower limb joints to
predominately flex and extend at appropriate times through adequate ROM. This is for two
reasons; firstly, at end ROM the stretch on the muscles will promote storage of potential
energy in the muscle which will result in explosive recoil; secondly, ROM about the lower
limbs will enable optimal stride lengths to be achieved and therefore maintenance of an
efficient running gait. A description of the isolated knee and hip flexion during mid-stance
and the hip, knee and ankle extension during take-off and standing starts is described to
illustrate the importance of ROM in running.
During mid-swing phase the knee and hip joints are flexed. This is to reduce the moment
of inertia of the leg – in order to swing the leg through - to increase the limbs angular
velocity and make the limb easier to move. This combined knee and hip flexion during mid-
swing phase contributes to increased stride frequency - a known determinant of running
performance (Salo et al. 2011). Evidence suggests elite sprinters utilise this mid-swing phase
to increase their stride frequency – which is achieved by the neural system which promotes
fast leg turn over (Salo et al. 2011) leading to faster sprint times.
In addition to the flexion of knee and hip joints for running, the extension of the hip, knee
and ankle is also critical for running particularly during the take-off phase (Hamner et al.
2010). Specifically, hip extension is a known contributor to sprint performance – from initial
contact to take-off phase. Athletes with greater hip extension have more time to produce
propulsive impulse ground contact (Mann and Herman 1985) thereby able to propel the
body forwards contributing to better performance. Elite sprinters who have longer stride
lengths - facilitated by greater hip ROM during terminal swing - rely on strength of the leg
extensors to produce larger ground reaction forces in order to achieve maximal speed (Salo
et al. 2011).
In running, the ankle joint absorbs energy during early stance-phase (dorsiflexion) to gen-
erate energy during late stance-phase and take-off (plantar flexion) (Stefanyshyn and Nigg
1998). Evidence suggest that 10m sprint times correlate with horizontal and propulsive
impulse (r=-0.52, and r=-0.66 respectively) (Kawamori et al. 2013). Peak maximal plantar
flexion torque has been shown to be a determinant of sprint performance (Nesser et al.
1996) where the ankle plantar flexion is -30° with an ankle moment of 300-350N during
sprinting (Stefanyshyn and Nigg 1998). This infers that the ability of the ankle to apply
and generate horizontal ground force reactions is determined by the ankles ROM, where
the stretch of the plantar flexors induces elastic recoil to support the velocity of the muscle
contraction during the take-off phase (Majumdar and Robergs 2011).
For a crouching start position, the ankle is dorsiflexed. Research suggests that starting
blocks increase the duration of the front foot impulse and starting velocity (Majumdar and
Robergs 2011). Full ankle ROM will enable an athlete to maximise the ability to execute an
effective starting position and produce ground force reactions (Neptune and Sasaki 2005)
about the ankle to propel the body to maximise their acceleration and maintain top speed.
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Figure 4.1: Superior transverse aspect of an over-arm throw. Throw arm is in the cocked position
at stride foot contact. In this position, the glemohumeral and elbow joint position com-
prise shoulder abduction and horizontal abduction, shoulder external rotation and elbow
flexion (Fleisig, Barrentine, Escamilla and Andrews 1996a).
Throwing
The kinetic chain of movement of an over-arm throw comprises stride, pelvis rotation,
upper torso rotation, shoulder internal rotation, elbow extension and wrist flexion to follow
through (Fleisig, Barrentine, Escamilla and Andrews 1996a). Each body segment rotates
forward from a cocked position, and the subsequent segment follows the one prior to
sum the angular velocities of the lower body, trunk and upper body to follow through
(Hirashima et al. 2008). This is a specialised movement sequence, where after the stride,
the pelvis rotates, before the upper torso, creating a ‘lag effect’ (Stodden et al. 2006). This
places eccentric loading on the trunk musculature which promotes storage elastic energy
in the muscle. The transfer of energy from the pelvis, theoretically translates to increased
upper torso velocity and so on in the throw kinetic chain to follow through required for
throwing (Stodden et al. 2006).
In over-arm throwing, the distance by which an implement has the force applied to it
is determined by the relevant joint(s) ROM. For example, prior to an over-arm throw the
upper limb - the glenohumeral and elbow joints – is in a cocked position. Whereas, at stride
foot contact in skilled throwers the cocked position comprises a) shoulder abduction 93°, b)
shoulder horizontal abduction 17°, c) external rotation 67°, and d) elbow flexion 98° (Fleisig,
Barrentine, Escamilla and Andrews 1996a) - presented in Figure 4.1.
In this cocked position, novice throwers can be discerned from skilled thrower - where
skilled throwers optimise the mechanical principles and energy storage which can be trans-
ferred to the implement (Stodden et al. 2006). The optimal position of the shoulder and
elbow enables rapid elbow extension which ultimately contributes to high implement veloc-
ities (Stodden et al. 2006). Therefore, for an athlete to assume this cocked position; requires
the appropriate joint(s) ROM which will enable a ‘lag effect’ about the upper extremity,
generating maximal angular velocity to accelerate the implement.
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Similarly, in rotational throwing activities like discus and shot put, the ability of an ath-
lete to maximise release velocity is also, in part determined the number of degrees in which
the throws implement travels. The more force that can be transmitted to the implement, the
greater horizontal velocity can be achieved, contributing to greater throw distance (Hay and
Yu 1995, Leigh and Yu 2007). To throw a discus, the trunk and shoulder rotate through an
arc motion with an extended elbow. The ROM of this arc motion is determined by the ath-
letes’ available trunk, shoulder and elbow ROM. Where, the greater arc which the discus
moves through provides the greatest opportunity to have force applied to it until release
(Bartlett 1992). This will maximise the implement velocity and hence throw performance.
Height of implement release is a determinant of throw distance (Stodden et al. 2006).
At point of release, an athlete assumes a release position to enable the optimal horizontal
and vertical trajectory. This position may be determined by the spine’s ability to perform
combined lateral trunk flexion and extension which tilts the hips and torso in an upward
position (Stodden et al. 2006). At release, this position is associated with faster throwing
velocity, where experienced throwers maximise the trunk tilt at release compared to novices
(Stodden et al. 2006). Therefore the ROM of the trunk and spine are important to permit an
athlete to assume this position and optimise height of implements release.
4.2 impaired range of movement
4.2.1 Causes of Impaired Range of Movement
There are four major causes of reduced ROM: 1) chronic immobilisation or decreased move-
ment, 2) trauma, 3) disease/dysgenesis and 4) spastic hypertonia. Each cause is presented
in Table 4.1, which provides a summary of the main mechanism of the cause impairing
ROM and health conditions likely to result in impaired ROM.
The first cause of reduced ROM is chronic joint immobilisation which causes contracture.
A contracture is defined as the tightness or restricted ROM across a joint, occurring due to
pathologic changes of the joint (arthogenic), skeletal muscles (myogenic) and soft tissues
(Fredericks et al. 1996, Leung et al. 2012). The rate of contracture development may be rapid
or progressive over time.
Immobilisation of joint(s) resulting from paralysed muscle(s) has been shown to reduce
muscle extensibility (de Boer et al. 2007). Specifically immobilisation for as little as 14
days induces rapid loss in muscle size (e.g. reduced cross sectional area), architecture and
function (de Boer et al. 2007, Seynnes et al. 2008). Conversely, immobilisation of a tendon
induces a significant increase in tendon hypertrophy - of 6.4% in as little as 4 weeks of
immobilisation - but a reduction in stiffness (Seynnes et al. 2008). The changes occurring in
the tendon result in the thickening of intrinsic materials and increased water content and
overall increase in volume.
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Immobilisation of a joint(s) can lead to abnormal joint posture and undesirable ossifi-
cation of bone - reducing ROM (Fredericks et al. 1996). The calcification of a joint occurs
when there is a reduction in forces on the bone or degradation of bone resulting from health
conditions (e.g. osteoporosis). Heterotopic bone formation (ossification) is the abnormal for-
mation of bone in anatomical locations, typically in the muscles and soft tissues of major
joint (Fredericks et al. 1996). As a contracture forms, longer term bone changes including
osteoporosis, heterotopic bone formation or bone deformity result in severe decrement of
a person’s functioning, affecting sports performance.
Table 4.1: A summary of the main causes of impaired range of movement including; chronic joint immobilisation or decreased movement, trauma,
disease/dysgenesis and spastic hypertonia. The table provides the mechanism or a description of the causes and example(s) of health
conditions likely to cause a reduction in ROM.
Cause of impaired ROM Mechanism or description of causes Example(s) of conditions likely to result in reduced ROM
1. Chronic joint immobilisation
or decreased movement of a
joint
The formation of a contracture occurs when there is a tightness
or restricted ROM across a joint caused by immobilisation of a
joint(s). This results in changes to the joint, muscle and soft
tissue surrounding. The rate of the formation of a contracture
may occur rapidly or over a period of time. Primary
mechanism which causes a contracture is paralysis or chronic
immobilisation of a joint(s).
• Spinal cord injury; paralysis of the lower extremities such as
the hip, knee and ankle joints while in a prolonged recumbent
position, are susceptible to contracture as joints remain static in
a shortened position
• Muscular dystrophies
• Pain associated with moving a joint(s) through its anatomical
ROM, results in limiting movement of a joint(s) in order to
remain pain free and contributing to immobilisation of the
joint(s) and contracture
2. Trauma to muscles, tendons,
ligaments, bones
Trauma are a result from falls, motor vehicle accidents,
violence, blast injury, burns, foreign body injury e.g. knife
wound. The trauma results in scarring – fibrous tissue forming
dense, rigid tissue comprising high concentration of collagen
type 1 fibre. This fibrosis following injury, contributes to
resistance to joint mobility and loss of ROM.
• Trauma to muscle, tendon, ligaments or bone, primarily
damage the anatomical structure impairing function. However,
the repair of the structure results in scarring to the
muscle/tendon/ligament/bone
• Burns e.g. burns result in fibrous changes to the skin and soft
tissue structures contributing to a reduction in ROM
3. Disease/Dysgenesis Disease resulting from infection, autoimmune conditions, and
dysgensis characterised by abnormal development often
occurring during embryonic growth and development.
• Arthrogryposis
• Heterotopic ossification and Myosistis ossificans progressiva
4. Spastic Hypertonia Damage to the upper motor neurons (UMN) resulting in
increases in tetanic muscle activity at the periphery where
prolonged shortening of a muscle results in shortening of the
muscle fibre, resulting in abnormal postures and mechanical
loading of joint(s). Movement is characterised by co-contraction
of agonists and antagonists during voluntary movement and
poor movement differentiation. Synergy of movement patterns
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Table 4.1 provides examples of health conditions likely to result in reduced ROM as a
result of immobilisation of a joint(s) including: paralysis (e.g a complete spinal cord in-
jury) or muscular dystrophies; and pain induced reduction in ROM which is employed in
order to maintain the body segment within the pain-free ROM. Muscular dystrophies are
categorised as reduced ROM from chronic immobilisation because, they are a group of in-
herited disorders characterised by progressive degeneration and necrosis of skeletal muscle
contributing to weakness (Fredericks et al. 1996, Conklin 2014). These fibrotic changes in
the muscle stiffen and reduce strength of the joint(s) resulting in immobilisation (Deconinck
and Dan 2007) and contribute to contracture formation.
The second cause of reduced ROM listed in Table 4.1 is direct trauma. Trauma to mus-
cle(s), joint(s) and ligament(s) results in tears or ruptures; trauma to bones causes fractures;
and trauma to skin causes fibrosis. The trauma can be due to falls, motor vehicle accidents,
violence, blast injury, burns, and foreign body injury e.g. knife wound, bullet wound. The
trauma damages the anatomical structure, by causing it to tear or rupture and the repair
process results in scarring to the structure and its surrounds. The scar is layers of fibrous
tissue which is a dense, rigid tissue with a high concentration of collagen type 1 fibre
(O’Driscoll and Giori 2000). This fibrosis following injury, contributes to resistance to joint
mobility and loss of motion of the joint (O’Driscoll and Giori 2000). The repair process of
trauma to bone results in osseous changes and abnormal bone laying, while trauma to skin
from burns leads to scarring which yields excess fibrosis tissue restricting ROM of the skin
and subcutaneous tissue.
The third cause identified that results in reduced ROM is Disease / Dysgenesis from in-
fections or abnormal development during embryonic growth (Table 4.1). Health conditions
likely to cause reduced ROM include congenital conditions such as arthrogryposis and fi-
brodysplasia/myositis ossificans progressiva. Arthrogryposis means “curving of joint” and
is a congenital non-progressive disorder characterised by contractures affecting at least two
joints, incorporating weakness and fibrosis (Kalampokas et al. 2012, Ferguson and Wain-
wright 2013). The aetiology of arthrogryposis occurs during embryogenesis and has been
attributed to neurological, muscle or connective tissue abnormalities from restricted foetal
movement or maternal illness that results in joint(s) contracture, however intact sensation
remains (Kalampokas et al. 2012, Ferguson and Wainwright 2013). The condition is char-
acterised by muscle fibres being replaced by fibre tissue and fat, impairing joint mobility
progressing to joint contracture, and osseous changes of the affected joint(s). An example
of a child with arthrogryposis is given in Figure 4.2which presents the lower limbs with
evident curving of the ankle, knee and rotation of the hip joints (Images from Kowalczyk
and Lejman 2008).
Fibrodysplasia/myositis ossificans progressiva is a genetic condition where bone forms
episodically in soft connective tissues, often due to injury. The condition is caused by gene
mutation where there is the formation of an extra-skeletal bone or heterotopic ossification
in connective tissues such as aponeuroses, fascia, ligaments and tendons (Culbert et al.
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Figure 4.2: A 40-month old child with arthrogryposis; Panel (a) presents the anterior aspect of the
lower limbs in the supine position; Panel (b) presents the posterior aspect of the lower
limbs in the prone position; and Panel (c) presents posterior aspect in standing (Kowal-
czyk and Lejman 2008).
2013). Fibrodysplasia/myositis ossificans progressiva results in reduced ROM of the joints
affected, where the conversion of connective tissue to bone causes stiffening and shortening
of the joint(s). This progressive condition will impair ROM of joints and affect function and
sports performance.
Spastic hypertonia is identified as the fourth cause that results in reduced ROM, it is also
an eligible impairment in Paralympic sport. Spastic hypertonia results from health condi-
tions such as cerebral palsy, brain injury, stroke, and damage to the upper motor neurons
(UMN). Spastic hypertonia affects ROM predominately in two ways. Firstly, the increased
neural drive to the muscle produces a tetanic contraction of a muscle - a constant contrac-
tion of the affected muscle – which puts the limb into an abnormal posture for a sustained
period of time (Farmer and James 2001). This affects the muscle-tendon complex resulting
in a marked loss in sarcomeres of a muscle and restricts the ROM of a joint(s) potentially
contributing to joint contracture (Ada and O’Dywer 2006). Secondly, spastic hypertonia
results in a loss of movement differentiation which contributes to the presence of stereotyp-
ical movements and difficulties in movement differentiation contributing to reduced joint
ROM. That is, people with spastic hypertonia frequently present with stereotypical move-
ments, where voluntary movement is coupled by dominant muscle synergies where the
movement of one joint invariably results in the predictable movement of another joint in a
specific pattern or synergy (Fredericks et al. 1996).
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4.2.2 Impact of Impaired ROM on Running and throwing
Running
A systematic reduction in ROM of joints will affect sports performance (Gross et al. 2009).
Chronic immobilisations, trauma, disease/dysgenesis and spastic hypertonia affect ROM
as previously described. The following illustrates how impaired ROM affects running per-
formance in people with spastic hypertonia as an example.
For running, the combined hip and knee flexion is required during the mid-swing phase
to reduce the moment of inertia of the leg which increases the limbs angular velocity mak-
ing the limb easier to move (Salo et al. 2011). The biomechanics for people with disabilities
is well described, where impairments of the lower limb ROM affect the ability to execute op-
timal gait movement patterns (Escalante et al. 2001). For example, evidence suggests that
people with cerebral palsy present with increased flexion of the knee during the stance
phase which increases the demands on the quadriceps. People with cerebral palsy have
reduced extension of the knee in terminal swing phase which reduces their stride length
(Sutherland 1993) - a known determinant of running performance (Majumdar and Robergs
2011, Salo et al. 2011). As a consequence of muscle spasticity and contracture across a joint,
shortened stride length and therefore performance (Sutherland 1993, Salo et al. 2011).
Similarly, plantar flexion of the ankle is critical for enabling maximal ground force reac-
tions during the take-off (Neptune and Sasaki 2005) to propel the body to maximise the
acceleration and maintain top speed. Evidence suggests that, compared to normal devel-
oping individuals, people with spastic hypertonia have a significant reduction - approx-
imately half - in ankle plantar flexion torque and ankle ROM (Barber et al. 2012). The
muscular weakness and reduced ankle joint ROM will affect the ability to effectively store
maximal elastic energy prior to take-off, and it will impact the ability to generate ground re-
action forces for optimal running performance (Neptune and Sasaki 2005). While the tetanic
muscle contraction in spastic hypertonia will affect ROM, undesirable joint coupling and
difficulties in isolating movements will also affect running performance. For example, a
typical flexor synergy of the ankle is dorsiflexion and supination, and an extensor synergy
is plantar flexion and inversion. The undesirable coupling of plantar flexion and supina-
tion affects the ability to optimise the ankle joints ROM which is necessary to produce the
ground force reactions during take-off impairing the storage of elastic energy (Stefanyshyn
and Nigg 1998) and thus affecting running performance.
Throwing
Throwing requires preparation of arm cocking prior to delivery and release of the throws
implement. To assume the cocked position - the glenohumeral and elbow joints - are flexed
optimally. The mechanical and elastic energy storage of energy from this position, facili-
tates a “lag effect” about the throws arm (Stodden et al. 2006). This lag effect provides the
opportunity for the summation of the angular velocities of the subsequent body segment
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up until the point of implement release. A reduction in the ROM on one or multiple joints
in this throw sequence will affect the ability to produce maximal velocity of the implement
of release. Evidence suggests that novice throwers are unable to optimise the movement se-
quence to maximise angular joint velocities and therefore reducing their throw performance
(Stodden et al. 2006).
Impaired ROM of the shoulder, elbow and/or wrist affects an athlete’s ability to achieve
optimal height of release. For example, a seated-throw athlete must utilise shoulder and
trunk ROM during the preparation and follow through of a throw. In seated athletes, evi-
dence suggests that athletes who use more trunk lateral flexion than axial rotation during
the forward movement in seated discus generate greater angular velocities which corre-
lated to throw distance (Chow and Chae 2000). This suggests that a reduction in ROM
of the shoulder and trunk, results in more difficulty in generating angular velocities and
achieving maximal throw distance (Chow and Chae 2000, Chow and Kuenster 2003).
4.3 measures of rom for classification
4.3.1 Current methods of measurement
The current measurement methods to evaluate ROM for classification utilises methods de-
scribed by Clarkson (2000). The method is a joint-by-joint evaluation conducted by a trained
therapist who manually moves the participants joints following a standardised procedure
including the participant and therapist positioning and a description of how the joint is
moved passively. For example for running, evaluation of ROM of the joints relevant to
sport, the therapist would evaluate the hip, knee and ankle (Mann and Hagy 1980, No-
vacheck 1998). The evaluation of ROM deficits is compared to the norms described in
Clarkson. Table 4.2 presents the minimum amount of passive ROM deficit to be eligible for
IPC Athletics (IPC 2007a). The IPC state that eligible athletes must have either:
• One of the five primary criteria
• Two of the five secondary criteria
An athlete must meet the minimum impairment criteria in order to be eligible to compete
in competition. Once an athlete is deemed eligible the process for classifying athletes into
classes utilises a combination of manual muscle testing (MMT), goniometry and expert
opinion.
There are several advantages for the current ROM evaluation including: the procedure is
relatively inexpensive; easy to administer with a short administration time; requires min-
imal equipment (e.g. goniometer) and the method is widely used in the medical profes-
sions. The outcome measurement is in degrees measured by a goniometer. For example,
ROM assessment of the lower limbs requires the classifier to administer the assessment
joint-by-joint at the hip, knee and ankle. For the evaluation of the ROM of the ankle; the
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Table 4.2: The primary and secondary criteria for minimum impairment criteria for impaired passive
range of movement (PROM) for Paralympic running. The joint, action deficit in degrees
and full range of motion in degrees are provided for the hip, knee and ankle. Adapted
from IPC (2007a).
Primary Criteria for Impaired PROM
Joint Action Deficit Full ROM
Hip Flexion ≥60° 120°
Extension ≥40° 20°














Secondary Criteria for Impaired PROM
Hip Flexion ≥45° but ≤60° 120°
Extension ≥25° but ≤40° 20°
Knee Flexion ≥55° but ≤75° 135°
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athlete would sit on the massage table and the classifier would manipulate the ankle de-
termining the ROM in relevant planes of movement (e.g. plantar flexion, dorsiflexion) and
determine the amount of deficit and repeat on the other limb. To administrate this ROM
assessment the classifier would need a small space and a massage table only, with no spe-
cialised equipment - a goniometer is readily available, no calibration or set-up time because
the assessment is delivered by the classifier. The time to administer the tests themselves is
minimal, however this is dependent on the number of joints required to be evaluated. For
example, a standing-thrower would require the upper and lower limbs to be evaluated,
while a seated-thrower would typically require the upper limb to be evaluated because the
lower limbs are not pertinent to the sporting activity undertaken. Lastly, these tests are
considered best practice and are widely used in the medical professions. Therefore, when
recruiting and training classifiers, it is possible that many would already be familiar with
the methods/techniques reducing burden time and costs for training classifiers.
4.3.2 Problems with current methods
There are several limitations to the current measurement methods of ROM used in Para-
lympic classification. Literature demonstrates that goniometry has questionable reliability
(Youdas et al. 1993, Lea and Gerhardt 1995, Kolber and Hanney 2010), measurements are
not parsimonious as they only evaluate one joint at a time, and the relative importance of
each measure has not been determined (Schache et al. 2000).
Goniometry is a tool used to measure joint ROM. It measures ROM of the movement of
one body segment relative to another quantified in degrees, which is a ratio-scaled mea-
sure. Goniometry for evaluating ankle dorsiflexion / plantar flexion between experienced
therapists suggest an Intra-class Correlation Coefficient (ICC) of 0.64-0.92 for dorsiflexion
and 0.47 to 0.96 for plantar flexion (Youdas et al. 1993). These ICC values demonstrate these
measurements methods are not a reliable assessment of ankle ROM. Clinicians could draw
inaccurate conclusions regarding patients ROM based on the measurements taken (Youdas
et al. 1993). For classification, unreliable measurement methods of impairment have signif-
icant implications for class allocation and therefore competition outcome.
For classification, the relationship between ROM impairment and activity limitation in
sport needs to be determined. The validity of the goniometry measurements for sports
performance has not to our knowledge been reported in the literature, questioning the ap-
plicability of this test in a classification setting. A significant limitation of the established
methods for evaluating ROM using a joint-by-joint evaluation relates the inability to weigh
and aggregate and determine the relative importance of the measures. The joint-by-joint
method does not provide any information about composite movements, such as combined
hip and knee flexion - which is required during the mid-swing phase in running for exam-
ple. This means that, isolated measures of the ankle, knee and hip, cannot be summed to
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provide a total lower limb “ROM score”. In the absence of such evidence, it is impossible
to compare athletes who have different patterns of impaired ROM competing in running.
4.3.3 Development and reliability of a battery of novel tests of ROM
Test Development
The Position Stand states valid measures of impairment are required to be reliable, parsi-
monious, ratio-scaled, sports specific, isolate one impairment type and resistant to training
Tweedy and Vanlandewijck (2011). Therefore tests of ROM are required to determine the
amount of movement that exists about a joint(s) quantified in degrees and/or a distance
that affects sports performance.
The following describes the proposed methods of a ROM battery for use in Paralympic
classification. Novel methods of ROM have been developed for running and throwing,
however only running ROM measurement methods are described because the ROM for
throwing are not utilised in the experiments presented in this thesis.
Tests of lower limb ROM tests for running
A panel of experts comprising physiotherapists (n = 3), medical doctors (n = 1), occupa-
tional therapist (n = 1), international classifiers (n = 2) and published sports scientists (n =
4) were involved in the development of a novel battery of ROM tests. All panel members
had experience with Paralympic Sport and the tests developed were designed to fulfil the
criteria provided by the Position Stand. The panel considered the implications of the glob-
alisation of methods including the selection and availability of specialised equipment, the
participant’s instructions, communication and participant positioning.
The panel developed five tests (n=5) of ROM which yielded six outcomes measures;
Maximum Thigh flexion and Heel Pull distance (two outcomes), Standing thigh extension,
Dorsiflexion lunge, and Backwards stepping lunge. Of these tests; the Dorsiflextion lunge
and the Backwards stepping lunge assess passive ROM (n=2). The remaining tests assess
active ROM; Maximum thigh flexion and heel pull and standing thigh hip extension (n=3).
Measures of active ROM are determined partly by some factors pertaining to PROM which
require voluntary muscle contraction. Therefore measures of active ROM are affected by
muscular strength, particularly the inner and the end range muscular strength. In athletes
with spastic hypertonia, the effects of co-contraction of muscles and difficulty in movement
differentiation of body segments can reduce active ROM measures to a greater extent than
passive ROM measures. Therefore, although active and passive ROM measures are interre-
lated to some extent, the panel felt that measures of active ROM could potentially capture
important effects on sports performance that would not be reflected in measures of passive
range of movement alone.
Equipment
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Figure 4.3: The Acumar digital inclinometer (ACU 360, Lafayette, Lafayette Instrument Company,
IN) was used to quantify the joint rotations in the ROM battery. The device was able to
measure 360° with accuracy of ±1°. Display shows inclinometer with -1° as an example.
Figure 4.4: An acrylic base (8.5 cm x 6.5 cm) with an adjustable strap was fixed to the body seg-
ment of interest for which the digital inclinometer could be placed upon to increase the
stability of the device.
The measures of ROM were taken using a calibrated Acumar digital inclinometer (Lafayette
Instrument, IN, USA), which used to quantify all joint rotations. The device is able to mea-
sure range of movement in 360° with accuracy of ±1° (Figure 4.3). The implementation of
a digital inclinometer has been demonstrated to produce reliable outcomes and acceptable
measurement errors for ROM measurement of the lower limbs (Reese 2002). Body segment
lengths were measured using a segmometer (Rosscraft Innovations, CA).
The measurement instability when placing the digital inclinometer on the musculature
required the use of a ridged acrylic base (8.5cm x 6.5cm) with adjustable strap to be secured
to the body segment in an anatomically standardised position (Figure 4.4).
General protocol features
Standardised warm up consisted of three-minutes of two legged lower body skipping or
running, lower limb dynamic leg swings, calf pumps and hip and ankle rotations. Tests
were performed on the left and the right limb for each measurement before moving onto
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Figure 4.5: Participant performing the Maximum Thigh Flexion and Heel Pull Distance test from
the sagittal view. The testing leg is maximally flexing the knee and hip, while the heel
of the testing leg maintains contact with the medial aspect on the non-testing leg. The
range of movement achieved is indicated in the white dashed lines.
the next measurement. Two measures were recorded for each test and a third was taken
if there was a ≥5° difference between the initial two values. The tester demonstrated the
movement prior to the subject performing the activity. Verbal cues and encouragement
were provided throughout the testing session to ensure maximal ROM was achieved on
each measurement. Limb length and femur length were taken in order to normalise the
values for tests in the battery.
Maximum Thigh Flexion and Heel Pull Distance
The participant was instructed to lie supine with legs extended and the plantar surface
of their feet against a wall. The participant was instructed to maximally flex the testing
leg at the knee and hip in a standardised fashion whereby the medial surface of the heel
and foot was kept in contact with the medial surface of the non-testing leg throughout the
entire movement (Figure 4.5). The acrylic base (8.5cm x 6.5cm) was secured to the anterior
surface of the thigh at 25% of the femur length distance from the superior board of the base
of the patella.
This test yields two outcome measures, the Maximum Thigh Flexion angle using the
digital inclinometer (thigh angle) and the Heel Pull Distance, taken with a segmometer
from the wall to its final position of the medial malleolus of the testing limb, when the
knee and hip are maximally flexed (Figure 4.6). The heel pull distance is normalised to the
length of the non-tested leg.
Standing thigh extension
The participants were instructed to stand on a small platform (0.1 cm x 0.3 cm x 0.22
cm) leaning against a concrete pylon to enable to testing leg to move freely while the
non-tested side was fully supported. The heel of the non-tested leg is 15 cm away from
the corner of the wall and participants placed their hands on chairs to increase stability
(Figure 4.7 Panel (a)). Throughout the movement to monitor hyperextension of the lumbar
spine and anterior pelvic tilt the tester stood beside the participant and placed a hand
between the subjects lower back and the wall (Figure 4.7 Panel (a)) who provided feedback
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Figure 4.6: Participant performing the Maximum Thigh Flexion and Heel Pull Distance test and the
tester measuring one of the outcome measures the Heel Pull Distance with a segmometer.
The distance is measured from the heel’s initial position on the wall to its final position
of the medial malleolus when the knee and hip are maximally flexed.
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Figure 4.7: Participant performing the Standing Thigh Extension; standing on a platform (0.1 cm x
0.3 cm x 0.22 cm) leaning against a concrete pylon. Panel (a) presents the set-up of the
test; the testing leg is able to move freely while the non-tested side is fully supported.
The heel of the non-tested is leg 15 cm away from the corner of the wall and participants
placed their hands on chairs to increase stability, while the tester monitors the lumbar
spine and pelvic tilt. Panel (b) presents the sagittal view of the participant performing
the test with the range of movement achieved is indicated in the white dashed lines.
throughout the movement. Participants maximally extended the testing leg and a thigh
angle measurement was taken from the maximal range achieved (Figure 4.7 Panel (b)).
Dorsiflexion lunge
While maintaining heel contact with the ground, participants reached maximum dor-
siflexion by lowering the centre of mass and flexing the knee of the tested leg as far as
possible. Figure 4.8 illustrates the position of the participants performing the dorsiflexion
lunge who placed their hands on chairs to maintain stability. Tibia angle was measured at
maximal dorsiflexion. The acrylic base is placed on the tibia 15% of the total distance of the
tibia length, from the tibia tuberosity. The heel position was monitored by the tester plac-
ing their index finger immediately posterior to the participant’s heel to ensure heel contact
with the ground was maintained throughout the movement.
Backwards stepping lunge
The participants stood on laminated chipboard 400 cm x 100 cm with one chair placed
on either side of the participant for stability. The acrylic base is placed on the tibia 15% of
the total distance of the tibia length, from the tibia tuberosity and the shank of the limb was
maintained at 90° (Figure 4.9 Panel (a)) whilst the contralateral leg was extended backwards
as far as possible. Figure 4.9 Panel (b) presents the sagittal view of a participant performing
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Figure 4.8: Participant performing the Dosiflexion Lunge; panel (a) shows the set-up and use of the
chairs to support the participant during the test. The tester monitors the heel position by
placing their index finger immediately behind the participant’s heel to ensure the heel
does not lift during the test. Panel (b) presents the sagittal view of the participant per-
forming the test with the range of movement achieved is indicated in the white dashed
lines.
the test with the maximal range of movement between the most anterior phalanx of the back
foot and the heel of the front foot was measured – dashed lines.
Reliability
The Position Stand states that measures of impairment must be reliable (Tweedy and Van-
landewijck 2011). Therefore the reliability of the novel ROM test battery of the lower limb
tests for running is required. The following is a description of outcomes of an experiment
from our laboratory data conducted for an unpublished honors thesis.
The aim of the experiment was to evaluate the intra-rater reliability of a novel ROM
battery for running. Twenty non-disabled subject (10 male; 10 female) between the ages of
18 and 35 years (mean ± SD; 22.3yrs ± 3.5) participated in the experiment. The participants
attended two testing sessions approximately 2 hours in duration. Participants completed
a battery of tests of ROM including; Maximum Thigh flexion and Heel Pull distance (two
outcomes), Standing thigh extension, Dorsiflexion lunge, and Backwards stepping lunge.
Two testers (Tester 1 and Tester 2) each collected the ROM measurements during the first
and second testing session. Reliability of the ROM battery was evaluated by Intra-class
Correlation coefficients (ICC), Standard Error of Measurement (SEM) and 95% confidence
interval (CI). Table 4.3 presents the ICC and SEM for Tester A and Tester B for the right
limb. The mean ICC for Tester A for the entire ROM battery on the right leg was 0.86 (range
0.79 – 0.92) with acceptable SEM. The mean ICC for Tester B was 0.84 (range 0.77-0.89) with
acceptable SEM.
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Figure 4.9: Participant performing the Backwards Stepping Lunge; Panel (a) illustrates the place-
ment of the two chairs to provide participants stability and the maintenance of the tibia
position at 90°. Panel (b) is the sagittal view of a participant performing the test with the
distance achieved indicated by dashed lines.
Table 4.3: The between-session intra-tester reliability of novel lower extremity ROM tests performed
on the right limb for Tester A and Tester B. The table presents the test measure, the
Intra-class Correlation coefficients (ICC), Standard Error of Measurement (SEM) and 95%
confidence interval (CI) for Tester A and B.
Tester A Tester B
Test Measure ICC (95% CI) SEM (Upper
95% CI)




0.86 (.64-.95) ±2.8° (5.5) 0.86 (.68-.94) ±3.4° (6.6)
Heel Pull
Distance
0.89 (.75-.96) ±1.6cm (3.1) 0.89 (.67-.96) ±1.6cm (3.1)
Standing Hip
Extension
0.92 (.81-.97) ±1.9° (3.7) 0.77 (.50-.90) ±2.9 (5.7)
Dorsiflexion
Lunge
0.79 (.51-.91) ±2.2° (4.3) 0.79 (.54-.91) ±2.4° (4.7)
Backward
Stepping Lunge
0.85 (.62-.94) ±2.7cm (5.3) 0.89 (.53-.96) ±2.1cm (4.1)
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Table 4.4: The between-session intra-tester reliability of novel lower extremity ROM tests performed
on the left limb for Tester A and Tester B. The table presents the Test measure the Intra-
class Correlation coefficients (ICC), Standard Error of Measurement (SEM) and 95% confi-
dence interval (CI) for each Tester.
Tester A Tester B
Test Measure ICC (95% CI) SEM (Upper
95% CI)




0.82 (.59-.93) ±3.3° (6.5) 0.80 (.55-.92) ±3.7° (7.3)
Heel Pull
Distance
0.94 (.85-.98) ±1.1cm (2.1) 0.90 (.76-.96) ±1.4cm (2.8)
Standing Hip
Extension
0.89 (.75-.96) ±2.1° (4.2) 0.81 (.51-.92) ±2.5° (4.9)
Dorsiflexion
Lunge
0.92 (.80-.97) ±1.8° (3.5) 0.90 (.77-.96) ±1.8° (3.5)
Backward
Stepping Lunge
0.91 (.72-.97) ±1.9cm (3.7) 0.95 (.80-.98) ±1.5cm (3.0)
Table 4.4 presents the ICC and SEM for Tester A and Tester B for the left limb. The mean
ICC for Tester A for the entire ROM battery on the left leg was 0.89 (range 0.82 – 0.92) with
an acceptable SEM. The mean ICC for Tester B was 0.87 (range 0.80-0.95) with an acceptable
SEM.
The results from this experiment demonstrate the novel ROM tests for running; Maxi-
mum Thigh flexion and Heel Pull distance, Standing thigh extension, Dorsiflexion lunge,
and Backwards stepping lunge are reliable. Further research evaluating their validity for
running performance is now warranted.
4.4 chapter summary
• Range of Movement (ROM) is a measure of the amount of motion which exists about a
joint quantified in degrees. Evaluation of ROM across more than one joint is acquired
by two outcomes measurements: one in degrees and the other as a distance (e.g. cm).
• Chronic immobilization, trauma, disease/dysgenesis and spastic hypertonia results
in changes to the muscle, tendon, ligament, and bone, impair ROM of joint(s).
• ROM is important for sporting activities. For example, for running during mid-stance
phase, evidence shows the hip and knee are flexed maximally to reduce the limb’s
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moment of inertia and thus increase the angular velocity - making the limb easier to
move. This combined hip and knee flexion contributes to increased stride frequency -
a known determinant of running performance.
• Measures of ROM are required for evidence-based classification which are reliable,
ratio-scaled, parsimonious, sports specific, isolate one impairment type and resistant
to training. Current methods used for classification employ goniometry joint-by-joint
evaluation of ROM which are not suitable for classification. This is because evidence
suggests the measurement methods are not reliable, measurements are not parsimo-
nious as they only evaluate one joint at a time, and the relative importance of each
measure has not been determined.
• A panel of experts developed four lower limb activities comprising active and passive
ROM tests for running which were designed to fulfil the criteria outlined by the
Position Stand and have established reliability.
Part iii
T O WA R D S E V I D E N C E - B A S E D C L A S S I F I C AT I O N I N
PA R A LY M P I C R U N N I N G A N D T H R O W I N G
Part III comprises four separate chapters (Chapters 5–8) that describe the exper-
iments conducted for this thesis. Two chapters (Chapters 5 and 8) have been
published and the other two (Chapters 6 and 7) are in preparation for publica-
tion. Some figures within these chapters have appeared in earlier chapters but
are integral to the published work and are included here for completeness.
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5.1 abstract
Introduction: Development of evidence-based methods of Paralympic classification requires
research quantifying the relative strength of association between ratio-scaled measures of
impairment and sports performance. To date, no such research has been conducted. The
purpose of this study was to quantify the extent to which range of movement (ROM) and
coordination affect running performance in runners with and without brain impairment.
Methods: Participants were 41 male runners, 13 with brain impairments (RBI) and 28 non-
disabled (NDR). All participants completed a maximal 60 metre sprint as well as a novel
battery of lower limb ROM (N=5) and coordination (N=3) tests on both legs (a total of 10
ROM measures and 7 coordination measures). Results: Compared with NDR, RBI were sig-
nificantly less coordinated on all measures, had significantly reduced range of movement
on five of ten measures and had significantly slower acceleration (0–15m) and top speed
(30–60 m). Five ROM measures significantly correlated with sprint performance in RBI and
did not significantly correlate with sprint performance in NDR satisfying convergent and
divergent validity criteria. These individual tests explained 38% to 58% of the variance
in sprint performance in RBI. Conclusion: This is the first study to quantify the extent to
which eligible impairments impact on performance in a Paralympic sport. Five of the ROM
measures significantly affected sprint performance in RBI and were deemed valid for the
purposes of classifying impairments in classes T35-T38. This study is an important method-
ological step towards development of evidence-based methods of classifying impairments
in classes T35-T38 and provides practical methodological guidance to researchers in this
field.
Keywords: Paralympics, disability sport, athletics, evidence-based classification, running.
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5.2 introduction
Paralympic classification systems aim to promote participation in sport by people with
disabilities by minimising the impact of eligible impairments on the outcome of athletic
competition (Tweedy and Vanlandewijck 2011). Classification systems which achieve this
aim will ensure that successful athletes will not simply be those with impairments that
cause the least activity limitation, but will be those that have the most advantageous com-
bination of physiological and/or psychological attributes and have enhanced them to best
effect (Tweedy and Vanlandewijck 2011). In practice, athletes who are affected by impair-
ments that cause a similar degree of activity limitation in a given sport should compete in
the same class.
Paralympic classification systems comprise two key components: 1) Eligibility Criteria,
which describe the types of impairments that are eligible, as well as how severe they must
be; and 2) methods for assessing and classifying eligible impairments according to the ex-
tent of activity limitation they cause (Tweedy and Vanlandewijck 2011, Tweedy et al. 2014).
In the sport of Paralympic Athletics (i.e., Track and Field), people with brain impairments
resulting in ataxia, hypertonia or athetosis (e.g., cerebral palsy or traumatic brain injury)
are eligible for Paralympic running events, providing their impairments are deemed severe
enough to impact on running performance (IPC 2014). Runners affected by these impair-
ments compete in one of four classes: T35, for athletes whose running is moderately affected
by spastic diplegia; T36 for running that is moderately affected by athetosis or ataxia; T37
for running moderately affected by spastic hemiplegia; and T38 for running mildly affected
by hypertonia, ataxia or athetosis (IPC 2014). Unfortunately, the system used for assessing
and classifying these impairments is typical of many Paralympic classification systems in
that there is little scientific evidence on which to base methods for allocating these classes
(Tweedy and Vanlandewijck 2011).
In 2007 the IPC adopted the IPC Classification Code which, inter alia, explicitly man-
dated the development of evidence-based methods of classification in Paralympic sport
(IPC 2007b). In order to develop evidence-based methods for classifying runners with
brain impairments causing hypertonia, ataxia or athetosis, measures of range of movement
(ROM) and coordination which are precise, ratio-scaled and valid are required (Tweedy
et al. 2014). These characteristics are necessary because they will permit the use of infer-
ential statistics to quantify the relative strength of association between impairment and
running performance, and it is quantification of this relationship that is the fundamental
basis of evidence-based classification (Tweedy et al. 2014). In addition to these measure-
ment characteristics, the tests should be impairment-specific (i.e., measure only one eligi-
ble impairment type, un-confounded by the impact of other impairment types) and each
measure should account for the greatest possible variance in activity performance (Tweedy
and Vanlandewijck 2011).
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Unfortunately current methods for assessing impaired ROM and coordination for classi-
fication of runners do not meet these criteria. For example, impaired range of movement
is assessed using goniometry where possible. However because of the general limitations
of reliability (Nussbaumer et al. 2010, Konor et al. 2012), the time-consuming nature of
joint-by-joint measurement and the small amount of information yielded by a single mea-
sure, goniometry is usually reserved for key joints, with measures supplemented by more
general, qualitative descriptors (e.g., athlete has a bilateral lower limb flexion pattern with
moderately internally rotated hips and a bilateral extension deficit of 20° at both knees).
The assessment of coordination is not standardized, but clinical tests such as finger-to-
nose (Swaine, Desrosiers, Bourbonnais and Larochelle 2005) are utilized and qualitative
observations reported. While these methods of assessment have the advantage of requiring
minimal equipment, their precision and reliability is not sufficient to permit development
of evidence based methods of classification (Tweedy et al. 2014).
In order to permit the development of evidence-based methods for classifying runners
with brain impairments causing hypertonia, ataxia or athetosis, a battery of tests with
the required measurement features was developed for the purposes of assessing ROM
and coordination. The aim of this study was to evaluate the validity of these tests for the
purposes of classification. Two aspects of validity were assessed: convergent validity (i.e.,
does the test have a strong, significant relationship with sprint performance in runners with
brain impairments) and divergent validity (i.e., does the test have a weak, non-significant
relationship with sprint performance in non-disable runners) (Desrosiers 2005).
5.3 methods
5.3.1 Participants
Participants were 41 males who competed regularly in running events or in a sport in
which running speed is a performance determinant (e.g. football). Thirteen were runners
with brain impairments (RBI) and 28 were non-disabled runners (NDR). All RBIs had an
official IPC classification, a process which includes medical confirmation of a brain impair-
ment causing hypertonia, ataxia or athetosis and resulting in activity limitation in running.
Distribution of athletes per class was: T35 (n=2); T36 (n=1); T37 (n=6); and T38 (n=4). The
mean (± S.D.) age (yrs), height (cm) and body mass (kg) for RBI were 24.3 (±9.4), 176.3
(±8.8), 69.1 (±9.6) respectively. The mean age, height and body mass for NDR were 23.1
(±4.1), 180.5 (±6.8), 76.7 (±9.5), respectively. All participants provided written informed
consent, and the study was approved by the Medical Research Ethics Committee at the
University of Queensland, Australia.
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5.3.2 Procedures
All participants completed one 2 hour testing session in which they completed three cate-
gories of tests in a randomized order: 1) tests of ROM (N=5); 2) tests of coordination (N=3);
and 3) a 60m maximal sprint. The order of testing for the five tests of ROM and three tests
of coordination was also randomised. Each test was completed three times, with the best
performance used for analysis. Full physiological recovery was permitted between tests.
5.3.3 Protocol
Tests of ROM
Lower limb ROM was assessed using a 5-test battery. A calibrated Acumar digital incli-
nometer (Lafayette Instrument, IN, USA) was used to measure segment angles, and seg-
ment lengths were measured using a segmometer (Rosscraft Innovations, CA). A limitation
of digital inclinometers is the measurement instability from placing the inclinometer on
the musculature. To overcome this problem, a rigid acrylic base (8.5 cm x 6.5 cm) was
strapped to the segment at an anatomically standardized location prior to movement. The
acrylic base provided a flat, level surface from which to obtain inclinometer measures. All
tests were administered by two researchers who had 2 years experience conducting the
tests. Tests were completed on each leg individually yielding 10 outcome measures. Un-
published data from our laboratory suggests that these tests are reliable (inter-tester mean
ICC = 0.89).
Maximum Thigh Flexion and Heel Pull Distance
Participants started in a supine position with the legs fully extended before maximally
flexing the testing leg at the knee and hip. At maximal leg flexion, two separate outcome
measures were obtained – maximum thigh flexion and heel pull distance, which was de-
fined as the distance on the non-tested leg between the medial malleolus and the position
that the heel of tested leg finally reached.
Standing Thigh Extension
Participants stood on a platform (0.1 m x 0.3 m x 0.22 m) leaning with the back against a
concrete pylon so that the testing leg could swing freely but the non-tested side was fully
supported. The heel of the non-tested leg was 0.15m away from pylon. Participants placed
their hands on chairs to increase stability. Whilst maintaining full extension on the stance
leg, participants maximally extended the leg prior to measurement of thigh angle.
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Dorsiflexion Lunge
While maintaining heel contact with the ground, participants reached maximal dorsiflexion
on the tested leg by lowering the centre of mass and flexing the knee. The participants
were permitted to move the non-testing leg into a self-selected comfortable position, and
placed their hands on chairs to maintain stability. Tibia angle was measured at maximal
dorsiflexion.
Backward Stepping Lunge
The shank of one leg was maintained at 90° to the floor, whilst the contralateral leg was
moved backwards as far as possible. Chairs positioned either side of the participant were
used to maintain stability. Once maximal range was achieved, the distance between the
most anterior phalanx of the back foot and the heel of the front foot was measured.
Tests of Coordination
Coordination was assessed using three lower limb reciprocal tapping tasks: Reciprocal Uni-
lateral Tapping with 5 cm target (RUT5); Reciprocal Unilateral Tapping with 12 cm target
(RUT12); and Reciprocal Bilateral Tapping (RBT). Unpublished data from our laboratory
indicates the reliability of these tests is acceptable (mean ICC = 0.77).
For RUT5, participants sat on the edge of a table at the height of the greater trochanter,
so that body weight was principally born through the buttocks, with support and stability
from the non-testing foot. Two custom-made, 175 mm x 120 mm fibreglass printed circuit
boards (PCBs) were positioned in the frontal plane 12.8 cm apart, on a platform which was
38 cm in front of the bench and which was designed to allow the PCBs to be positioned at
20° to the horizontal. The short side of the PCB faced the participant and the middle 5 cm
of each PCB was marked as a target area. The PCBs were designed to register contact and
comprised 60 gold-plated, longitudinal copper tracks and each was connected to a personal
computer via a Musclelab unit (Ergotest, Norway). Conductive copper tape was attached
to the plantar surface of the big toe of the testing foot of the participant and when the toe
made contact with the PCBs and two or more consecutive tracks were bridged, a 5V pulse
was registered as a contact. Musclelab’s software calculated the movement time as the time
between one contact and the next.
Participants could begin the tests in their own time and were instructed to reciprocally
tap the plates within the 5 cm target area as rapidly and accurately as possible for 15 sec-
onds using the big toe. Accuracy was considered to be compromised when successful hits
were <90%, in which case the trial was repeated. Prior to starting, participants completed 3
practice trials at slow, medium and maximal speeds. The mean time taken to move the toe
between the targets was calculated for each trial.
Participant set up and instructions for RUT12 was exactly the same as for RUT5 except
that the PCBs were positioned directly next to each other and participants could touch
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anywhere in the 12 cm-wide PCB. For RBT, participants sat on the bench with no support
from the legs. Four PCBs were positioned in a 2x2 formation on the platform in front of the
participant. The PCBs closest to the participant were positioned side-by-side and tilted at
15° angle towards the front PCBs. The front PCBs were tilted to 30° angle towards the back
PCBs. Participants started by simultaneously tapping the right front PCB with the right toe
and the left back PCB with the left toe and then, as quickly as possible, swapping their
foot positioned so that they could simultaneously tap the right back PCB with the right toe
and the left front PCB with the left toe. This constituted one cycle and participants were
asked to perform as many cycles in 15 seconds as possible. Mean movement time was the
outcome measure for RBT.
Test of Performance - 60 m Maximal Sprint
All participants completed a 60 m maximal sprint on a synthetic athletics track. A Chee-
tah LMT (AMR Sports, Australia) measured linear displacement of the participants (Van-
landewijck et al. 2011). The Cheetah LMT analog signal was stored digitally as time per
centimeter and from these data the time to 15 m (acceleration phase) and time between 30
m to 60 m (maximal velocity phase) were calculated.
5.3.4 Data analysis
Independent t-tests were used to determine whether there was a significant difference
between RBI and NDR on measures of ROM, coordination and sprint performance. The
strength of association between impairment test outcomes and sprint performance (times
for acceleration and maximal velocity phases) was evaluated using Pearson correlation co-
efficients and coefficient of determination (R2), significance was set at p < 0.05.
5.4 results
Mean times (+ SD) for NDR were 2.76 s (±0.19) for 0 m-15 m and 3.8 s (±0.3) for 30 m-
60 m. For RBI, times were 3.2 s (±0.3) for 0–15 m and 4.3 s (±0.6) for 30–60 m, both of
which were significantly slower than RBI (p<0.05). Analysis of outcomes from measures of
ROM - means, standard deviations, and Pearson correlation coefficients – are presented in
Table 5.1. Compared with NDR, range of movement was reduced in RBI on all 10 measures
but the reduction was only significant for five measures: Heel Pull Distance on best and
worst legs (p<0.01); Dorsiflexion Lunge on the best leg (p<0.05) and worst leg (p<0.01); and
Maximum Thigh Extension on the worst leg (p<0.05).
Five measures satisfied criteria for convergent validity (i.e., were significantly correlated
with time from 0–15 m, 30–60 m or both in RBI) and divergent validity (i.e., were not
significantly correlated with sprint performance outcomes in NDR). The proportion of the
variance in sprint performance in RBI accounted for by these five measures is presented
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Figure 5.1: Panels A and B present dorsiflexion lunge vs acceleration (0–15 m) and dorsiflexion
lunge vs maximal velocity (30–60 m) respectively. In each panel, the coefficient of deter-
mination (R2) is presented in the top right of the panel for Runners with Brain Impair-
ments (RBI) and for Non-disabled Runners (NDR). In each case, R2 is significant for RBI
but not for NDR (p<0.05).
in Table 5.1 and Figure 5.1 presents results for Dorsiflexion Lunge which illustrates the
pattern of results required to satisfy criteria for convergent and divergent validity.
Specifically, the correlation with both elements of sprint performance in RBI is significant
and Dorsiflexion Lunge results explained 46% of the variance in 0–15 m performance (Panel
A) and 53% of the variance for 30–60 m (Panel B). However, the same test explained only
2% of the variance for time from 0–15 m in NDR, and less than 1% of the variance for
30–60 m in the same group, illustrating divergent validity. Table 5.2 presents the results
from measures of coordination. Mean movement times were significantly slower for RBI
compared to NDR for all measures of coordination (p<0.01). None of the coordination
measures significantly correlated with sprint performance for either RBI or NDR.
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Table 5.1: Analysis of results (n = 12) from ROM tests including mean ranges and standard devia-
tions for each test, and the correlations (r) and coefficient of determinations (R2) with time
for 0–15 m and time for 30–60 m.
0 m to 15 m 30 m to 60 m
Test Limb Group Mean(SD) r R2 r R2
Maximum Thigh Flexion (deg)
Best NDR 88.9 (13.5) -0.36 0.13 -0.17 0.03
RBI 82.2 (6.7) -0.47 0.22 -0.67† 0.45
Worst NDR 84.1 (13.1) -0.41† 0.17 -0.30 0.09
RBI 76.4 (6.0) -0.29 0.08 -0.51 0.26
Heel Pull Distance (cm)
Best NDR 75.3 (6.3) -0.30 0.09 -0.28 0.08
RBI 62.4 (7.2)** -0.62† 0.38 -0.76†† 0.58
Worst NDR 72.5 (5.6) -0.31 0.10 -0.31 0.10
RBI 58.1 (7.3)** -0.58 0.34 -0.67† 0.45
Maximum Thigh Extension (deg)
Best NDR 32.0 (7.3) 0.06 0.00 -0.04 0.00
RBI 28.0 (7.7) -0.62† 0.38 -0.58† 0.34
Worst NDR 28.1 (7.5) 0.10 0.01 0.03 0.00
RBI 22.3 (7.7) -0.54* 0.29 -0.50 0.25
Dorsiflexion Lunge (deg)
Best NDR 40.8 (5.7) -0.15 0.02 0.02 0.00
RBI 36.1 (6.5)* -0.68† 0.46 -0.73†† 0.53
Worst NDR 37.0 (6.0) 0.03 0.00 0.18 0.03
RBI 25.9 (5.4)** -0.22 0.05 -0.14 0.02
Backward Stepping Lunge
Best NDR 2.16 (0.5) 0.04 0.00 0.08 0.01
RBI 2.11 (0.4) -0.36 0.13 -0.27 0.07
Worst NDR 2.03 (0.4) -0.06 0.00 0.00 0.00
RBI 1.88 (0.3) -0.35 0.12 -0.27 0.07
NDR = non-disabled runners; RBI = runners with brain impairements; Best = least impaired leg; Worst =
most impaired leg; *(p<0.05) and **(p<0.01); indicated RBI is significantly different from NDR; † (p<0.05) and
†† (p<0.01) indicates significant correlation.
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5.5 discussion
This study is a critical methodological advance in the development of evidence-based meth-
ods of Paralympic classification, being the first study to empirically quantify the extent
to which eligible impairments adversely affect performance in a Paralympic sport. Such
knowledge is an essential requirement for the development of evidence-based Paralympic
classification systems (Tweedy and Vanlandewijck 2011) and this study provides method-
ological guidance on how the requisite knowledge can be acquired. Importantly, the ROM
and coordination tests evaluated in this study were ratio-scaled and precise and it was
these features that permitted the use of inferential statistics to quantify their impact on
running. Methods of assessment currently used in classification would not permit such
analyses (Tweedy et al. 2014).
Participants completed eight tests on both legs (N=16 measures) and four of these tests
yielded five measures which satisfied convergent and divergent validity criteria: Heel Pull
Distance (best leg); Heel Pull Distance (worst leg); Dorsiflexion Lunge (best leg); Maximum
Thigh Extension (best leg); and Maximum Thigh Flexion (best leg). While these tests alone
will not permit comprehensive or definitive classification of athletes currently eligible to
compete in classes T35-T38, they can be directly applied, together with knowledge of their
relative importance in running performance, to improve the evidence underpinning current
classification methods in the sport. Results may also be applicable in other Paralympic
sports in which athletes with brain impairments run, including seven-a-side football and
Para-triathlon.
It is noteworthy that of the five valid measures, four were obtained from the best leg. A
similar pattern of results has been reported in a study of cyclists with cerebral palsy, which
found that isokinetic muscle strength in the best leg was more strongly correlated with
peak aerobic capacity than strength in the worst leg (de Groot et al. 2012). This pattern
may be partly explained by the fact that athletes whose best leg is relatively unimpaired
are also likely to have a relatively unimpaired worst leg. However, this cannot be the whole
explanation because otherwise there would also be a significant association between worst
leg and performance. Therefore the results may indicate that athletes with a relatively
unimpaired best leg can compensate more effectively for the activity limitation caused by
the more affected leg.
While the current study was the first to quantify the effect of an eligible impairment
on a Paralympic sport, one other study investigated the strength of association between
a standardised upper limb activity assessment and four measures of impairment - ROM,
coordination, strength and spasticity (Chiu et al. 2010). Results indicated that 25% of the
variance in the upper limb assessment was explained by a combination of ROM, coordi-
nation, spasticity and strength (Chiu et al. 2010), indicating that there may have been an
interaction between the measures of impairment. Two results from the current study were
consistent with this finding.
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Table 5.2: Analysis of results from coordination tests including mean movement times and standard
deviations for each test, and correlations (r) and coefficient of determination (R2) with
time for 0–15 m and time for 30–60 m.
0 m to 15 m 30 m to 60 m
Test Limb Group Mean(SD) r R2 r R2
RUT5 (s)
Best NDR 0.30 (.04) 0.31 0.10 0.21 0.04
RBI 0.47 (.10)** 0.12 0.01 -0.02 0.00
Worst NDR 0.34 (.05) 0.18 0.03 0.17 0.03
RBI 0.54 (.12)** 0.12 0.01 0.06 0.00
RUT12 (s)
Best NDR 0.25 (.03) 0.02 0.00 0.09 0.01
RBI 0.35 (.07)** 0.22 0.05 0.11 0.01
Worst NDR 0.29 (.03) -0.04 0.00 0.06 0.00
RBI 0.40 (.08)** 0.16 0.03 0.04 0.00
BRT (s) NDR 0.30 (.05) 0.00 0.00 0.02 0.00
RBI 0.63 (.26)** 0.21 0.04 0.13 0.02
NDR = non-disabled runners; RBI = runners with brain impairements; RUT5 = Rapid Unilateral Tapping
with a 5 cm target; RUT12 = Rapid Unilateral Tapping with a 12 cm target; BRT = Bilateral Rapid Tapping
Best = least impaired leg; Worst = most impaired leg; *(p<0.05) and **(p<0.01); indicates RBI is significantly
different from NDR.
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Firstly, four of the five valid ROM measures required active movement, reflecting not only
passive joint range but also factors such as voluntary strength and hypertonia. Secondly,
although there was no significant difference between NDR and RBI on two of the measures
of ROM - Maximum Thigh Flexion and Maximum Thigh Extension - both these measures
were predictive of performance in RBI but not NDR. This indicates that the predictive
validity of these tests may be mediated by other statistically significant differences between
the groups, including measures of coordination (N = 5) and ROM (N = 5).
Results indicate that, although lower limb coordination in RBI was significantly reduced
compared with NDR, there was no significant association between these measures and
sprint performance in RBI. This result was unexpected, but may be explained by two char-
acteristics of our RBI sample. Firstly, our sample had relatively mild impairments compared
with the general population of people with brain impairments. This is attributable at least
in part to the fact that classes T35, T36 and T37 are not hierarchical (i.e., progressing from
people with impairments causing the most activity limitation to people causing the least).
Instead, all three are for athletes with impairments causing moderate activity limitation,
with differentiation based on type/distribution of impairment - T35 for diplegia, T36 for
ataxia or athetosis and T37 for hemiplegia (IPC 2014). As a consequence, among athletes
who are eligible for these classes, there is a systematic bias in favour of those with im-
pairments causing the least activity limitation (i.e., those closest to being class T38). This
discourages participation among those with more severe impairments, making it difficult
to recruit such athletes. Secondly, only one athlete in the RBI sample was affected by either
ataxia or athetosis, and it is the incoordination resulting from these impairment types that
our measures of coordination were most likely to be sensitive to. A sample of RBI with a
higher proportion of athletes with ataxia or athetosis may have yielded a significant rela-
tionship. Finally, the relatively low correlation between our tests of coordination and sprint
performance may be explained by the fact that these tests of coordination were designed
to be impairment-specific (i.e. not confounded by impairments of strength or balance) and
were therefore performed in a seated position. While impairment-specificity is a crucial fea-
ture of impairment tests, it is possible that a greater degree of sport specificity is required
in these tests. Future research might investigate the validity of more sport specific tests of
coordination (e.g., rapid cyclical movements in weight-bearing position, like running-on-
the-spot).
5.6 conclusion
In conclusion, this is the first study to empirically quantify the extent to which eligible im-
pairments impact on performance in a Paralympic sport. In doing so, it provides method-
ological guidance to researchers in this field. Five of the measures evaluated can be directly
applied to improve the evidence underpinning classification of eligible types of impair-
ment in classes T35-T38. In addition to providing a model for future studies advancing the
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evidence-based classification research agenda in other Paralympic sports, results from this
study indicate the need for a range of other studies, including: studies investigating the
extent to which impaired strength affects sprint performance in athletes who are eligible
for classes T35-T38; studies with samples comprising a greater proportion of athletes with
ataxia and athetosis and/or more severe impairments; and studies which are sufficiently
powered to explore the unique and shared variance explained by measures of strength,
coordination and range of movement in RBI.
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E VA L U AT I N G T H E VA L I D I T Y O F N O V E L C O O R D I N AT I O N T E S T S
F O R C L A S S I F I C AT I O N O F T H R O W E R S W I T H H Y P E RT O N I A ,
ATA X I A A N D AT H E T O S I S
6.1 abstract
Background Classification in Paralympic Sport aims to promote participation in sport by
athletes with disabilities by minimising the impact of impairment has on the outcome
of competition. To achieve this aim, athletes should be placed in classes based on how
much impairment affects activity limitation. This process requires valid methods of as-
sessing impairment, and athletic performance, and the relationship between impairment
and performance to be quantified. Paralympic throwing events are separated into seated-
throw and standing-throw events which are contested by athletes with eligible impairment
types including, hypertonia, ataxia and athetosis – which adversely affect coordination.
Impairments of coordination impact on the athlete’s ability to produce fast and accurate
movements required for throwing. To date, no test battery has been validated for evalu-
ating coordination impairment for the purpose of classification in Paralympic sport. Aim
Therefore, the aim of this study was to evaluate the validity of novel coordination tests for
classification for seated-throw and standing-throwers with hypertonia, ataxia and atheto-
sis. Methods Twenty-seven physically active males were divided into two groups; group
one consisted of seventeen throwers with hypertonia, ataxia and athetosis - referred to as
throwers with brain impairments - and group two consisted of ten non-disabled males
referred to as non-disabled throwers. All participants completed nine novel coordination
tests - four upper limb using their throws arm only and five lower limb tests. Athletes with
brain impairments also completed seated-throw and standing-throw performance tests in
standardised positions. Results Throwers with brain impairments were significantly slower
in all nine coordination tests (p<0.01). All upper limb coordination tests significantly corre-
lated to seated-throw performance (p<0.05). The box and block significantly correlated to
standing-throw performance (r=0.81, p<0.01). No lower limb coordination tests correlated
to standing-throw performance. Conclusion This study presents a preliminary battery of
valid coordination tests of upper limb tests for seated throwing. The results demonstrate
that implement release is critical to both seated and standing-throw performance – captured
in this study by the box and block. Further investigations into lower limb coordination tests
are required.
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6.2 introduction
The purpose of classification in Paralympic sport is to promote participation in sport by ath-
letes with disabilities by minimising the impact impairment has on the outcome of compe-
tition (Tweedy and Vanlandewijck 2011). A valid classification system ensures athletes who
succeed are not those who are less impaired, but those who have the most favourable com-
bination of anthropometric, physiological and psychological attributes and have trained
them to best affect. Paralympic Athletic competition comprises running, wheelchair racing
and seated-throw and standing-throws.
In 2007, the International Paralympic Committee (IPC) published the IPC Classification
Code, which mandated the development of evidence-based systems of classification in Par-
alympic sports (Section 15.1.1). Following the endorsement of the Classification Code, The
IPC Position Stand was published which describes how evidence-based classification can
be achieved (Tweedy and Vanlandewijck 2011). The development of methods to assess the
relationship between eligible impairment types and performance in athletic events is cen-
tral to achieving this.
Coordination is defined as the ability to voluntarily execute fluid, accurate movements
rapidly (O’Sullivan et al. 2013). Three of the ten eligible impairment types in Paralympic
Athletics affect the ability to coordinate voluntary movement which comprise hypertonia,
ataxia and athetosis. Athletes with hypertonia, ataxia and athetosis are a result from health
conditions such as cerebral palsy, acquired brain injury and encephalitis which cause per-
manent neurological problems (Tweedy and Bourke 2009) and are therefore collectively
termed - brain impairments.
This manuscript will focus on the evaluation of valid methods to assess coordination,
for the sport of Paralympic seated-throw and standing-throw events. Athletes with brain
impairments compete in the javelin, shot put, and discus in a manner that is consistent
with the rules and regulations of the Olympic throws program. For athletes who are unable
to stand, competition is conducted from a seated position in events that comprise seated
discus, shot put and javelin and the club. These seated-throw events conducted in a similar
way to the standing-throw program; however the club is a unique event to the Paralympic
Games. The club is a certified IPC standardised wooden throws implement weighing 397g
designed specifically to facilitate grasping and release by people with relatively severe
impairments (Spathis et al. 2014).
Current best practice to evaluate coordination for Paralympic classification is to employ
established clinical tests which evaluate ataxia, athetosis and hypertonia. For example the
finger to nose test (FTN) and the heel draw tests are used to evaluate ataxia. Rapid alterna-
tion of limb movements (flexion and extension) tests and differentiated movements tasks
- isolated inter-phalanges flexion without coupling of movement of the other phalanges -
are used to evaluate hypertonia. Staying still - where arms are outstretched in front of a
person and stability of the arms and fingers are reviewed - is used to evaluate athetosis. For
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classification, use the of the FTN requires participants using their index finger to move as
quickly and accurately as possible from the participant’s nose to a target or the clinicians
own finger and back again (Swaine, Lortie and Gravel 2005). The FTN is used as an ex-
ample and described in further detail because it has characteristics similar to other clinical
coordination tests used in classification, previously identified. The outcome measures of the
FTN are time to complete a number of cycles in 20 seconds (quantitative outcome) or more
often, a clinical score providing an indication of the degree of tremor and dysmetria - a lack
of coordination of movement characterised by ‘over’ or ‘under shooting’ - using an ordinal
scale (e.g. 0-3). For example “0” is a severe deficit and “3” is normal performance (Swaine
and Sullivan 1993) (qualitative outcome). There are several advantages of the FTN test that
makes it attractive for use in classification: they are inexpensive; easy to administer with
relatively short administration time and are internationally used in clinical settings which
has implications for recruitment of classifiers who are familiar with tests already employed
in a clinical setting.
The IPC Position Stand outlines criteria for valid measures of coordination; tests must be
precise, reliable, ratio-scaled, and sports specific (Tweedy and Vanlandewijck 2011). Accord-
ingly, there are several disadvantages to implementing a clinical measurement of coordina-
tion such as the FTN for classification. Reliability of time to complete five cycles of FTN
has been consistently reported as moderate when inter-rater reliability has been evaluated
in non-disabled participants (mean Intra-class correlation coefficient 0.79) (Swaine, Lortie
and Gravel 2005). The comparison of clinicians scoring of a patients’ degree of dysmetria
and tremor utilising the clinical scoring system only resulted in a slight to fair agreement
(Kappa values 0.18-0.40) (Swaine and Sullivan 1993) demonstrating these measurement
methods of coordination are not reliable, and not suitable for classification.
The FTN uses an ordinal scale (e.g. 0-3 scale) as an outcome measure, which does not
provide a magnitude of the amount of impairment; rather the scale provides a ‘rank’. For
example, an athlete with a score of “2” is not twice as uncoordinated as an athlete with
a score of “1”. A ratio-scaled measure of coordination is necessary to enable meaningful
comparison between athletes. These will also, in the future permit regression analysis to
determine the amount of variance of coordination impairment that affects throw perfor-
mance.
A valid measure of impairment will evaluate body structures in relevant sports specific
positions (Beckman et al. 2014). Many established coordination tests like the FTN are per-
formed seated in a chair and lack sports specific positioning. Furthermore, to our knowl-
edge the FTN test has not been evaluated for validity for sports activities, questioning the
use of the test in a classification setting. The FTN test does not evaluate the coordination of
the lower limbs or trunk which may also be critical for standing-throwing performance. For
these reasons, the current established measures of coordination, like the FTN are not suit-
able for use in an evidence-based classification system (Tweedy and Vanlandewijck 2011). In
recognition of this, an expert panel comprising sport scientists, international IPC classifiers
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and published scientists developed novel measures of upper and lower limb coordination
designed to fulfil the criteria outlined in the IPC Position Stand. The battery evaluates the
upper and lower limbs using reciprocal tapping tasks, and discrete aiming tasks, with a ra-
tio scaled outcome measure of mean movement time as the primary outcome. The design
of the tests is such that the actions and muscles utilised in each test are similar to those
required for throwing.
The aim of this study is to evaluate the validity of novel coordination tests for classifica-
tion of throwers with brain impairments. We posit that throwers with brain impairments
will perform worse on the novel tests of coordination compared to non-disabled partici-
pants. Additionally, a valid test of coordination will demonstrate a strong and significant
correlation to throwing performance in throwers with brain impairments.
6.3 methods
6.3.1 Participants
Twenty-seven physically active males were recruited to take part in the research. The par-
ticipants were divided into two groups; group one consisted of seventeen throwers with
clinically diagnosed hypertonia, ataxia and athetosis as a result of brain injuries, who were
eligible to compete in Paralympic athletics, mean age (±SD) 25.21 years (±6.12). Group two
consisted of ten non-disabled males, mean age (±SD) 22.33 years (±4.42) with no muscu-
loskeletal injuries. All participants provided informed consent and the study was approved
by the Medical Research Ethics Committee at the University of Queensland, Australia.
6.3.2 Procedures
Each participant completed nine coordination tests (four upper limb and five lower limb
coordination tests) in one testing session that was two hours in duration. The reliability
of measures has been established in our laboratory from an unpublished honours the-
sis with mean Intra-class Correlation Coefficient (ICC) of 0.89 (upper limb tests) and 0.87
(lower limb tests). The throwers with brain impairments completed performance tests that
included seated-throw performance with an assistive pole and seated throw performance
without an assistive pole; athletes who could independently and safely stand and ambulate
completed a standing throw.
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Figure 6.1: Two Printed Circuit Board (PCB) placed next to each other, the target area marked with
vertical red bars.
6.3.3 Protocol
6.3.3.1 Tests of coordination for the upper limb
Participants performed all upper limb tests using their throwing arm only. The coordina-
tion tests used specialised fibreglass Printed Circuit Board (PCBs) (175 mm x 120 mm) and
comprised of gold plated copper tracks as per Figure 6.1. The PCBs were set at two con-
ditions; the first was visually constrained when each PCB was 5 cm in width running the
vertical length of the PCB (Figure 6.1 indicated with red bars) or visually unconstrained
where there was no-target area. Figure 6.1 presents two PCBs placed next to each other
with the target area indicated with vertical red bars.
The PCBs were connected to a MuscleLab unit (Ergotest, Norway) which recorded the
mean movement time between contacts of the two PCBs in seconds. The participant’s index
finger and the big toes were covered in conductive strip which registered contact on the
PCBs. The upper limb coordination tests required participants to start on a target area from
a PCB closest to the person and move as fast as possible to a second target on a PCB placed
further away from the person. The PCBs were mounted onto adjustable custom-built base
platform - for horizontal tests - and L-shaped platform - for vertical tests - (Help enterprises,
Australia) as shown in Figure 6.2.
Participants sat on an adjustable chair (River Abilities, Australia) with feet firmly on the
floor and the non-throwing arm placed across their torso to limit any accessory movement
and standardise the participant set-up. The set-up of the base platform for horizontal tests
is presented in Figure 6.2. (a) and shows the middle of the target area of one PCB closest to
the participant and a second PCB set 30 cm away. Figure 6.2. (b) presents the set-up of the
L-shaped platform with the PCBs placed 30 cm apart from the target area to target area.
The participants are positioned with their finger on the closest PCB and the test begins
when the researcher says “ready”. In their own time they move as quickly and accurately
as possible to the second PCB. The participant then re-sets to the closest PCB and the
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(a) (b)
Figure 6.2: Setup of the upper limb coordination tests. (a) tests which use horizontal movement (b)
set-up of the tests which use the vertical test L-shaped base platform.
test is repeated for a total of 10 times. Participants were familiarized with each test in
the battery performing at least three practice trials at slow, moderate and maximal speeds
before completing two maximal formal trials in lots of ten.
Discrete Sagittal Visually Constrained (DSVC)
The base-platform (Figure 6.2 (a) ) had two PCBs positioned 30 cm apart from the middle
of the target area. In the sagittal plane with the anterior aspect of their shoulder in line
with the outer edge of the PCB closest to the participant. Discrete Sagittal Visually Uncon-
strained (DSVU) used the same protocol as the DSVC however the PCBs were set to have
no target area and participants could make contact anywhere on the plates to register a
trial.
Discrete Vertical Visually Constrained (DVVC)
The L-shaped platform (Figure 6.2 (b) ) placed against a wall with one surface on the table
and the other up the wall. Two PCB plates were positioned on the flat and vertical surface
30 cm apart. Participants sat facing the L-Shaped frame with their shoulder in line with the
midline of the plates. Discrete Vertical Visually Unconstrained (DVVU) adopted the same
set up and protocol as the DVVC however, the PCBs had no target area and the participants
could make contact anywhere on the plates to register the trial.
Box-and-Block
The participants sat on a chair, trunk upright and feet flat on the floor. A box placed
on a table in front of the participant contained two compartments 53.7 cm x 25.4 cm x
8.5 cm separated by a partition in the middle creating two containers 25.4 cm each. The
participants were seated with their greater trochanter in line with the bottom of the table
and 30 cm away from the edge of the table. The compartment on the participant’s throwing
hand was filled with blocks 2.5 cm x 2.5 cm x2.5 cm. The participants were instructed
to move as many blocks as possible, one by one, from one compartment to the other in
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(a) (b)
Figure 6.3: Set-up of the reciprocal unilateral tapping tests. The centre of the PCBs was 12.8 cm apart
in the frontal plane and tilted 20° relative to the horizontal. (a) participant with their feet
on the proximal platform of the frame the toes are in line with the knees when viewed
from the side of the participant. (b) participant performing the activity with the left foot
making the contacts and the right foot as support.
60 seconds. Participants have a 15 second practice trial with their non-dominant hand.
Participants are advised that their fingertips must cross the partition when transferring the
blocks and that they do not need to pick up the blocks that might fall outside of the box.
The number of blocks moved from one compartment to the other is recorded.
Tests of coordination for the Lower Limb
Participants sat on a height-adjustable bench in a semi-supported position with weight
through the hips and the non-testing foot. All lower limb coordination tests required par-
ticipants to move their feet as quickly and accurately as possible between target areas on
the PCB for 15 seconds using a reciprocal tapping action. Lower limb coordination tests
were performed by both limbs. The big toe was fitted with a copper conduction strip which
when making contact with the PCBs registered as a contact. The test was considered accu-
rate when contacts between PCBs were >90%. If this was not achieved a further trial was
taken. The mean movement time between targets was calculated for each trial.
Reciprocal Unilateral Tapping with 5 cm target (RUT5) is shown in Figure 6.3 (a) and
presents the set-up of the participants for the RUT constrained (RUT5) and unconstrained
tests (RUT described below). The centre of two PCBs were positioned 12.8 cm apart in the
frontal plane, and tilted 20° relative to the ground. The PCB’s were positioned so that the
hip of the tested leg was aligned with the centre point between the two PCBs. Participants
tapped the big toe of the tested foot alternately between target areas (5 cm width) as fast
and accurately as possible (Figure 6.3 (b) ).
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Figure 6.4: The set-up of a participant performing the Reciprocal Bilateral tapping task with four
PCB plates positioned in 2 x 2 formation.
Reciprocal Unilateral Tapping with no target (RUT)
The RUT uses the same set-up and instruction of RUT5 as presented in Figure 6.3, except
the two PCBs do not have a designated target area and were positioned directly next to
each other in the frontal plane to facilitate maximal movement speed.
Reciprocal Bilateral Tapping (RBT)
Four PCBs without designated target areas were positioned next to each other in a 2 x 2
formation. The platform supporting the front plates was tilted to 30° and the back plates
to 15° relative to the horizontal. Participants start the test with the right foot on the right
front plate and the left foot on the left back plate. The participants moved both limbs simul-
taneously in a cyclical movement, from the front plate to back plate making contact with
the big toes as fast as possible as presented in Figure 6.4. For example, the first movement
would be right toe to the right back plate and the left toe to left front plate.
The frame was positioned to be 15 cm away from the edge of the sitting bench, and the
proximal platform was raised to a 15° angle to the horizontal and the distal platform was
set to a 30° to the horizontal. The midline of the body was in line with the middle of the four
plates and the toes are in line with the knees in the sagittal plane when the participant’s
feet are on the proximal platform of the frame.
Tests of Throwing performance
The seated throws were performed in a custom-built chair, with adjustable backrest height
and axis of rotation in 10° increments. The sitting height was 75 cm, with hips and ankles
at ninety degrees on a movable footplate, secured with 5 cm wide straps, to restrict the
contribution of the lower limbs to throwing performance. The configuration of the chair
was standardised based on a published study, which reported a self-optimised standard-
ised seated throw chair configuration manipulating the backrest height, seat angle, elbow
6.3 methods 111
angle and pelvis angle (Tweedy, Connick et al. 2012). The study reported the following
standardised chair configuration; for the seated throw with an assistive pole the chair con-
figurations had the backrest height at 15% of sitting height, seat angle at 32° to the throw
direction, elbow angle is 75° of extension and pelvis angle 127° (Tweedy et al. 2012). Seat
configuration without an assistive pole backrest height is 17% of sitting height, seat angle
is 34° to the throw direction (Tweedy et al. 2012).
The current study adopted the reported standardised throw chair positions. Familiariza-
tion was gained from tester demonstration and at least three practice trials before complet-
ing three formal trials with minimum 1 minute rest to account for fatigue. For each trial
the participant was instructed to throw a standard IPC athletics throwing club - designed
specifically to facilitate grasping and release by people with relatively severe impairments
(Spathis et al. 2014) - as far as possible using their dominant hand, adopting an over-hand
motion. A valid throw was recorded when the throw landed within the confines of a stan-
dard International Association of Athletics Federation (IAAF) throwing arc of 34.9° marked
(IAAF 2011). For seated-throws, athletes were encouraged to use upper body and trunk to
contribute to the throw distance. Standing-throw; participants held the club in their dom-
inant hand, and facing the throwing direction ran over a 3 meter distance marked out by
cones before releasing the club in an over-hand motion. Distance in meters was measured
from the centre of the axis of rotation of the chair (for seated-throws) and the marked line
(for standing-throws) and the first ground contact made by the club.
6.3.4 Data Analysis
Statistical analysis was conducted using PASW v. 18.0 (IBM Inc, Chicago, USA) and the
figures were generated using GraphPad Prism v. 6.00 (Inc). The data was assessed for nor-
mality and values with z-scores ± 2.5 where classified as outliers and excluded from further
analysis (Tabachnick and Fiddell 2007). Multivariate analysis of variance (MANOVA) was
performed comparing throwers with brain impairments and non-disabled participants per-
formance on the upper limb coordination tests and on the lower limb coordination tests.
Posthoc independent samples t-tests followed a significant MANOVA and compared the
throwers with brain impairments and the non-disabled participant’s performance on each
of the nine coordination tests (four upper and five lower limb). Pearson’s correlations were
used to evaluate the strength of association between the five upper limb coordination tests
and seated throw performance - with and without an assistive pole. Pearson’s correlations
were used to evaluate the strength of association between the five upper and four lower
limb coordination tests and standing throw performance. Significance was set at p < 0.05.
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6.4 results
Table 6.1 presents the mean movement time (s) of the upper limb and lower limb coordina-
tion tests for throwers with brain impairments and non-disabled participants. Mean move-
ment time for throwers with brain impairments was 0.46 seconds for the upper limb coor-
dination battery and 0.75 seconds for the lower limb coordination tests. The non-disabled
participants the mean movement time was 0.17 seconds for the upper limb coordination
tests and 0.30 seconds for the lower limb coordination tests. MANOVA analysis for all up-
per limb and lower limbs tests revealed a significant difference between throwers with brain
impairments and non-disabled participants across the four upper limb coordination tests,
Wilks A = 0.438, F(4, 21) = 6.74, p<0.001; partial n2 = 0.56, and across the five lower limb
coordination tests, Wilks A = 0.204, F(5, 22) = 17.12, p<0.001, partial n2 = 0.80. Follow-up
independent t-tests revealed that the throwers with brain impairments were significantly
slower on all upper and lower limb coordination tests than were non-disabled participants
(p<0.01) presented in Table 6.1.
Significant correlations were reported for seated throw performance - with and without
assistive pole - for all the upper limb coordination tests (p<0.05). The box and block had
strong and significant association to all throw performance: the seated-throw performance
with an assistive pole (r=0.59, p=0.02); seated-throw performance without an assistive pole
(r=0.59 p=0.02); and standing-throw performance (r=0.81, p<0.01). For standing throws,
the lower limb coordination tests did not significantly correlate to performance and the
strongest correlation was the unilateral unconstrained most affected limb (r=-0.66, p<0.05).
6.5 discussion
The aim of this study was to provide a preliminary evaluation of the validity of novel
coordination tests for throwers with brain impairments resulting in hypertonia, ataxia and
athetosis for use in Paralympic classification. The results of this experiment demonstrate
throwers with brain impairments performed significantly slower in all nine coordination
tests compared to non-disabled participants (p<0.01). All upper limb coordination tests
significantly correlated to seated-throw performance (p<0.05). The box and block score
significantly correlated to standing-throw performance (r=0.81, p<0.01).
The results of this experiment show that throwers with brain impairments perform upper
and lower limb coordination tests more slowly than non-disabled participants, indicating
that the novel tests successfully assess coordination impairment resulting from hypertonia,
ataxia and athetosis. The mean movement time in throwers with brain impairments was
half as fast for the bilateral lower limb reciprocal task compared to non-disabled partici-
pants (p<0.01). This is not unprecedented where people with neurological conditions have
reduced ability to perform rapid reciprocal tapping tasks such as the FTN test compared to
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Table 6.1: Mean Movement Time (MMT) (s) for the four upper limb and five lower limb coordination
tests including standard deviations. Independent t-test comparing MMT for throwers with
brain impairments and non-disabled participants indicated (p<0.01**).
Mean movement Time (s) ±SD






0.47 ± 0.22 0.17 ± 0.04**
Discrete Vertical
constrained
0.46 ±0.23 0.17 ± 0.03**
Discrete Sagittal
unconstrained
0.46 ± 0.18 0.17 ± 0.04**
Discrete Vertical
unconstrained









0.80 ± 0.28 0.33 ± 0.05**








0.68 ± 0.36 0.28 ± 0.03**
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Table 6.2: Pearson’s correlation for four upper and five lower limb coordination tests for seated
with and without an assistive pole and standing- throw performance in throwers with
brain impairments. The level of significance is indicated for each correlation (p<0.01**
and p<0.05*) and 95% confidence intervals (95% CI) are provided.
Throwing Performance












-0.56* (-0.83 to -0.09) -0.52* (-0.81 to -0.03) -0.53 (-0.86 to 0.10)
Discrete Vertical
constrained
-0.57* (-0.82 to -0.12) -0.56* (-0.82 to -0.11) -0.55 (-0.86 to 0.07)
Discrete Sagittal
unconstrained
-0.53* (-0.82 to -0.10) -0.52* (-0.80 to -0.05) -0.42 (-0.81 to 0.24)
Discrete Vertical
unconstrained
-0.57* (-0.82 to -0.12) -0.58* (-0.83 to -0.14) -0.50 (-0.85 to 0.14)
Box and Block
throwing arm













NA NA -0.52 (-0.90 to 0.29)












Figure 6.5: (a) presents the strength of association between seated throw performance with an as-
sistive pole throw and box and block test (r=0.59, p=0.02). (b) presents the strength of
association between seated throw performance without assistive pole and box and block
(r=0.59, p=0.02).
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(a)
(b)
Figure 6.6: (a) presents the strength of association between stand throw performance and Box and
Block test (r=0.81, p<0.01). (b) presents the strength of association between stand throw
performance and unilateral unconstrained most affected (r=0.66, p<0.05).
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younger individuals (Gagnon et al. 2004), and when comparing people with and without
neurological conditions (Lanzino et al. 2012).
The current study reported moderate and significant association of discrete horizontal
and vertical coordination tests with seated throw performance with and without an assis-
tive pole, mean r=0.54 and r=0.62 respectively. The movement pattern required to perform
these activities uses discrete rapid horizontal and vertical movements, which are similar to
the parameters required to perform optimal height of implement release - a determinant
of throwing performance (Bartlett and Best 1988, Best et al. 1993, Liu et al. 2010). In ath-
letes with disabilities, competing in seated discus and javelin events, evidence suggests that
the trunk and shoulder are responsible for increasing acceleration of the distal segments
towards optimal height prior to release (Chow and Mindock 1999, Chow and Chae 2000,
Frossard et al. 2007). The current experiment supports this notion, that discrete rapid, ac-
curate vertical movements of the upper limb have moderate and significant correlations
to seated throw performance (mean r=0.57). This infers that novel coordination tests accu-
rately capture the determinants of throwing in athletes’ with impaired coordination, and
that athletes who perform slower on the coordination tests also have reduced throw perfor-
mance. Standing-throw performance strongly correlated to grasp and release performance
(box and block test) but did not reach significance, and unilateral unconstrained tapping
tasks in the most affected limb. The results provide initial evidence for the quantifying
activity limitation for coordinating and throwing performance.
The box and block showed a moderate and significant correlation to seated-throw per-
formance both with an assistive pole and without an assistive pole (mean r=0.59). It was
also the only upper limb coordination test to significantly correlate to standing throw per-
formance (r=0.81). In people with coordination impairments (e.g. cerebellar dysfunction),
evidence reports an increased variability of timing to release and force of finger extension
when performing an over-arm throw activity (Hore et al. 2002). Skilled throwers are able to
time the release precision in less than 7 ms while patients with cerebellar dysfunction take
longer than 50ms, affecting their performance and throw trajectory. This is consistent with
a study conducted in non-disabled participants who reported moderate but significant cor-
relations between seated and standing club throw performance and a target throw – which
captured the optimum height and angle of release (r=0.63, r=0.69 respectively (Spathis et al.
2014). The results of the current study reiterate that the release parameter - captured by the
box and block test - is critical for success in seated-throw and standing-throw.
The results presented in this experiment demonstrate no strong or significant associa-
tion between any of the lower body coordination tasks and standing-throw performance.
The literature demonstrates that the preparation phase prior to arm-cocking in throwing
contributes to throw distance (Best et al. 1993, Stodden et al. 2006). In standing-throws,
this preparation to the throw of the lower limb was captured in the current experiment
via unilateral and bilateral reciprocal tapping tasks. For the lower limb coordination tests,
the best strength of association was found between the unilateral constrained tasks on the
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most affected and standing throw performance (r=-0.66, p<0.05) which suggests that the
activity limitation to translate the body in the lead up to a throw could be best determined
by the most affected limb. In theory the faster an athlete could tap the PCB plates during
the reciprocal tapping tasks the more rapid lower limb translation in the preparation phase
leading to a greater throw distance. The weaker associations could firstly be explained by
the number of athletes who were able to perform this standing throw (n=9). Many ath-
letes with brain impairment were unable to safely perform a standing-throw, reducing the
sample size. The athletes, who were able to perform the standing-throw, predominantly
competed in seated-throw events only, and performed the standing throw for research pur-
poses. Secondly, the design of the lower limb coordination tests could also account for the
low association to standing throw performance. The battery of lower limb coordination
tests in the current study are conducted in a weight supported position which is main-
tained for the entire test. It is possible that the participant positioning may not be similar
enough to evaluate the sports specific lower limb coordination required to translate the
body in the preparation phase of a throw and may require further investigation.
This study reports a preliminary indication of a valid battery of upper limb coordination
tests for seated-throw performance. The small sample size and the types and severity of the
impairments of athletes with brain impairments are limitations to the current study. The
current study recruited athletes with mild to severe coordination deficits and the results
reflect the variety of the impairment profiles of the athletes participating. Future research
needs to evaluate the relationship between the novel coordination test battery and throw-
ing performance in non-disabled participants to enable meaningful interpretation of the
outcomes of the current study. While impaired coordination will affect an athlete’s ability
to successfully throw in Paralympic sport, evaluation of an impaired strength and range
of movement - other eligible impairment types - are critical to determine their collective
impacts on sporting performance.
6.6 conclusion
In conclusion, this study presents a preliminary battery of valid upper limb coordination
tests for seated Paralympic throwing. The results demonstrate: that novel discrete vertical
and horizontal coordination tests correlate to throw-performance; and implement release -
captured by the box and block may be critical for throwing for seated-throw and standing-
throw performance. Further investigation into lower limb coordination tests are required
and future research should investigate the strength of association between these coordina-
tion tests and non-disabled participants.
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E VA L U AT I N G A N O V E L B AT T E RY O F T E S T S D E S I G N E D T O
P R E D I C T R U N N I N G P E R F O R M A N C E I N AT H L E T E S W I T H B R A I N
I M PA I R M E N T S
7.1 abstract
Background Paralympic classification requires evaluation of an athlete’s impairments using
reliable, ratio-scaled, sports specific and resistant to training measures. However, while
these measures aim to be resistant to training they are not entirely. Therefore a secondary
battery of tests entitled Training Assessment Tests (TAT) are required to permit classifiers to
differentiate athletes who are well trained from those who are not, reducing the likelihood
of erroneous classifications. Previous research has published such a battery for running
evaluating the reliability and validity of the TAT in non-disabled participants. Aim The
aim of this experiment was to evaluate the validity of a battery of novel tests designed to
predict running performance in runner with brain impairments. Methods Forty-one male
participants who were regularly active in running activities were divided into two groups;
runners with brain impairments (RBI) n = 13; age (SD) age 24.3 yrs (±9.4) and non-disabled
runners (NDR) n = 28; age (SD) 23.1 yrs (±4.1). Participants completed a maximal 60 m
sprint (acceleration 0–15 m and top speed 30–60 m) and five TAT (standing broad jump,
4 bounds, 10 m speed skip, running in place and split jumps). Results Independent t-tests
identified a significant difference between RBI and NDR in all TATs, except one, the 10 m
speed skip. Pearson’s correlations for acceleration were strong and significant for 4 bounds
and skip in RBI. The 4 bounds and standing broad jump were the best predictors of top
speed in RBI. The running in place and split jump had weak and non-significant correla-
tions to running performance. Conclusions The results of the experiment show the 4 bounds,
skip and standing broad jump provide a preliminary indication of valid TATs for RBI. Fu-
ture research should determine how training responsive each TAT is and the predictive
validity of the TATs.
7.2 introduction
The aim of classification is to promote participation in Paralympic sport by people with dis-
abilities by minimising the impact of eligible impairment types on the outcome of compe-
tition (Tweedy and Vanlandewijck 2011). This will ensure that successful athletes are those
who have the most favourable anthropometric, physiological and psychological attributes
and who have trained them to best effect and that they are not successful because they are
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less impaired than their competitors (Tweedy and Vanlandewijck 2011). In 2007, the Interna-
tional Paralympic Committee (IPC) mandated the introduction of evidence-based systems
of classification for all Paralympic sports. This requires the development of valid and reli-
able measures of impairment and quantifying the impact on performance, for Paralympic
athletics this includes running, wheelchair racing, standing-throwing and seated-throwing
(Tweedy and Vanlandewijck 2011).
Athletes with brain impairments resulting in hypertonia, ataxia and athetosis primarily
affecting coordination (e.g. ataxia or athetosis) and range of motion (e.g. spastic diple-
gia/hemiplegia, or hypertonia) and strength (e.g quadriplegia) compete in running events
in classes T35-T38. Class T35 are competed by athletes affected by moderate spastic diple-
gia, in T36 by moderate ataxia or athetosis, in T37 by moderate spastic hemiplegia and T38
by mild hypertonia, ataxia or athetosis (IPC 2014).
Conceptually, a system of classification places athletes into classes according to how
much their sports performance is affected by the impairments - e.g. strength, range of
movement or coordination - that result from pathological processes as a result of trauma,
diseases or dysgenesis. In order to achieve the stated purpose of classification, reliable, ratio-
scaled, sports specific and resistant to training measures of assessing these impairments
are required. It can then be determined the extent to which these measured impairments
impact on performance in athletic events. Literature has shown that training (Agre et al.
1997) and disuse (Dirks et al. 2013) will on strength measures, for example. Should training
and disuse illicit changes to measures of strength assessed in classification, this will have an
undesirable impact on classification outcomes if not accounted for during the classification
process. Therefore a secondary battery of tests are required that will provide classifiers
with tests which will differentiate athletes who are well trained from those who are not
(Beckman and Tweedy 2009) and these tests are entitled training assessment tests (TAT).
IPC Position Stand which states a valid TAT for running will be; 1) predictive of per-
formance evaluating the maximum number of body structures and functions required for
athletic performance 2) emphasise functioning of one or more structures and functions that
are impaired and 3) be highly training responsive, where through effective training ath-
letes who are trained will perform better on the battery for a given amount of impairment
(Tweedy and Vanlandewijck 2011).
Previous research conducted by Beckman and Tweedy (2009) evaluated the reliability
and validity of a TAT battery for running in non-disabled participants. The results reported
the TATs were reliable and had moderate to strong correlations for three of the five TATs
(standing broad jump, four bounds for distance and 10 m speed skip), the remaining TATs
did not have a strong association to running performance. It was suggested that the tests
which did not strongly correlate to running performance in non-disabled population may
be more predictive of performance in runners with impairments due to the influence of
impairment on producing coordinated cyclical or rapidly alternating movements (Beckman
and Tweedy 2009).
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The outcomes from Beckman and Tweedy (2009) establish that all TATs are reliable and
some are valid in non-disabled participants. It is necessary to evaluate the TAT battery in
athletes with brain impairments. Accordingly, the aim of this experiment was to evaluate
the validity of a battery of novel tests designed to predict running performance in runners
with brain impairments. We posited that valid tests would show a strong and significant




Forty-one male participants who were regularly active in running activities (e.g. track and
field, soccer, touch football) volunteered to take part in the experiment. The participants
were divided into two groups; runners with brain impairments (n = 13 runners with brain
impairments (RBI)) and non-disabled runners (n = 28, non-disabled runners (NDR)). The
RBI had a mean age of 24.3 yrs (±9.4), height 176.3 cm (±8.8), and body mass 69.1 kg
(±9.6). RBI were recruited from the Queensland State Athletics Championships. Athletes
had clinically diagnosed impairments of coordination as a result of a permanent health
condition (cerebral palsy, stroke and traumatic brain injury) and were eligible to compete
in Paralympic athletic competition. The NDR had a mean age of 23.1 yrs (±4.1), height 180.5
cm (±6.8), and body mass 76.7 kg (±9.6). NDR were recruited from the School of Human
Movement Studies, University of Queensland. The study was approved by the Medical
Research Ethics Committee of the University of Queensland (2008000442). All participants
had signed an informed consent form and were given a written and verbal explanation of
the procedures, benefits and risks of the study.
7.3.2 Procedures
Each participant performed three maximal 60m sprints and the battery of five TATs in a
randomised order. Participants completed individual warm up for five minutes, and three
familiarisation trials before completing three maximal trials with one minute recovery. The
best trial was used for analysis. At the commencement of the testing session standing height
was taken (m).
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7.3.3 Protocol
Tests of Running Performance
Participants completed three maximal 60 m sprints from a standing start on an all-weather
running track. A Cheetah LMT unit (AMR Sports, Australia) was used to measure linear
displacement. The Cheetah LMT consists of 100 metres of Berkley spool passed fire line
fishing line wrapped around a spool (10 cm circumference) with a hole positioned every 1
cm. The circumference of the spool passed in front of a photo-electric device. The fishing
line was attached to a belt secured to the participant’s waist. The Cheetah LMT analogue
signal was AD converted and stored as time per centimetre on the hard disk of a portable
computer. From the data, the acceleration and deceleration of the athlete could be calcu-
lated at any time point. Running performance was measured in time in seconds, where
acceleration was the time taken from 0–15 m and top speed the time taken to complete
30–60 m. The ability to accelerate from a standing start is determined by the resultant back-
ward force during acceleration and top speed is determined by producing shorter contact
time (Morin et al. 2012). Therefore, acceleration and top speed were appropriate criterion
measures for running.
Training Assessment Test battery
In accordance with the protocols detailed in Beckman and Tweedy (2009) the TAT bat-
tery comprised five separate tests; standing broad jump (SBJ), four bounds for distance (4
bounds), 10 m speed skip (skip), running in place (RIP) and the split jump (split jump).
For the standing broad jump (SBJ), participants stood behind a line and told to jump as
far as possible forwards, employing a stretch-shortening cycle (SSC). Distance in meters
(m) was measured from the starting line to the back of the participant’s heel after the
jump, closest to the starting line. Evidence suggests that horizontal jumps are predictive of
running performance (Kale et al. 2009) supporting the inclusion into the TAT battery.
For the four bound for distance (4 bounds), participants stood behind a line and in-
structed to bound forward taking four powerful leaps, alternating legs to cover the greatest
distance in four steps. Distance in meters (m) was measured from the starting line to the
back of the heel of the fourth bound. Unilateral jumps and leaps have an established link
to running performance (Sinnett et al. 2001, Brechue et al. 2010). Anthropometry such as
height are considered to be possible determinants of standing broad jump and bound dis-
tance, and so two outcome measures were presented for SBJ and 4 bounds; an absolute and
a relative distance calculated using standing height (Maulder and Cronin 2005).
For the 10 m speed skip, participants stood behind a line with an adjustable belt placed
firmly around their waist which was connected to a Cheetah LMT unit (AMR Sports, Aus-
tralia) to measure linear displacement, described previously. Participants were told to skip
as fast as possible from 0–20 m, reaching top skipping speed between 10– 20 m. Time in
seconds between 10–20 m was the outcome measure. Skipping like activities have been
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known to be used as a training tool supporting inclusion into the battery (Dintiman et al.
2003).
For the running in place (RIP) participants were instructed to perform a running action
remaining in one place. Participants were told to run in place as fast as possible to complete
25 cycles (alternating foot contact with the ground). Participants started the activity and
stopped the activity on the testers command. Each trial was recorded using a digital camera
(Casio, 240 Hz). Rapid, cyclical alternating movements are commonly used with the aim to
improve stride frequency - a known determinant of running performance (Dintiman et al.
2003).
For the split jumps participants placed their right foot in front of a line and their left foot
behind the line. The participants were instructed to jump into the air and simultaneously
switched their feet so that the right foot landed behind the line and the left foot landed in
front of the line. Participants were told to perform the split jump activity as fast as possible
to complete 25 cycles (alternating foot contacts forward and backward, which constitutes
a complete cycle). Each trial was recorded using a digital camera (Casio, 240 Hz). The
ability to rapidly alternate and coordinate the lower limbs in a weight supported activity to
achieve higher stride frequency supporting its inclusion in the TAT battery (Dintiman et al.
2003).
7.3.4 Data analysis
Statistical analysis was conducted using PASW V18 (IBM, Inc. 2010). Descriptive statistics
were generated for RBI and NDR for running performance (acceleration and top speed) and
the TAT battery. The data was assessed for normality, and outliers were classified as values
>± 3.0 z-scores, and removed from further analysis (Tabachnick and Fiddell 2007). Inde-
pendent t-test compared performance on running performance outcomes and performance
on the TATs for RBI and NDR. Pearson’s correlations evaluated the strength of association
between running performance and individual TATs, significance was set at p < 0.05.
7.4 results
Independent t-test indicated significant difference between RBI and NDR for running per-
formance and TATs, except the 10 m speed skip. All data were normally distributed and no
outliers were identified in the data. RBI had invalid trials for RIP (n = 1), Split jump (n = 3)
and 10 m speed skip (n = 7) due to inability to correctly perform the task according to the
protocol. NDR had two invalid trials one for RIP (n = 1) due to incomplete protocol and
Split jump (n = 1) due to technical difficulty.
Descriptive statistics are presented in Table 7.1 for RBI and NDR for running performance
and TAT battery. Pearson’s correlations are presented in Table 7.2. The best correlations
with the acceleration phase were the 10 m speed skip and 4 bounds for RBI (r = 0.93,
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r = −0.79) and NDR (r = 0.70, r = −0.59). The best correlations with top speed were 4
bounds and SBJ for RBI (r = −0.96, r = −0.67) and 4 bounds and skip for NDR (r = −0.67,
r = 0.61). Running in place and split jumps had low, non-significant correlations to running
performance in RBI.
Table 7.1: Descriptive statistics for runners with brain impairments (RBI) and non-disabled runners (NDR) for the running performance and the TATs
including the number of participants, mean value, standard deviation and range.
Runners with brain injury (RBI) Non-disabled runners (NDR)
n Mean ± SD (Range) n Mean ± SD (Range)
Performance
Time to 15 m (s) 13 3.18 ± 0.33 2.77-4.05 28 2.76±0.19 2.45-3.29*
Time from 30–60 m (s) 13 4.31± 0.64 3.65-5.96 28 3.76±0.27 3.30-4.35*
TAT battery
4 bounds (m) 13 6.95±1.59 2.95-8.85 28 8.99±0.83 7.62-10.97*
4 bounds rel height (m) 13 3.93±0.80 1.74-4.69 28 4.98±0.39 4.30-5.96*
SBJ (m) 13 1.67±0.29 1.15-2.20 28 2.32±0.24 1.78-2.83*
SBJ rel height (m) 13 0.93±0.14 0.65-1.17 28 1.28±0.12 1.00-1.54*
Run in place (s) 12 9.60±2.59 5.08-14.12 27 5.16±0.85 3.98-6.84*
Split Jump (s) 10 21.97±4.32 15.75-27.84 27 11.96±1.24 9.13-14.52*
Skip (s) 6 3.41±1.94 1.34-6.72 28 2.08±0.33 1.62-2.25
4 bounds is four bounds, 4 bounds rel height (m) is the 4 bounds normalised for height, SBJ is standing broad jump, SBJ rel height is SBJ normalised for height, Skip
is 10m speed skip. Significant difference (p<0.05) between RBI and NDR for each running performance outcome and TAT battery are indicated with (*).
Table 7.2: Pearson correlations between running performance (time to 15 m and time from 30-60 m) and each test in the TAT battery presented for
runners with brain impairments and non-disabled runners. The 95% confidence intervals are presented.
Runners with brain injury (RBI) Non-disabled runners (NDR)
TAT battery n Time to 15 m (95% CI) Time 30–60 m (95% CI) n Time to 15 m (95% CI) Time 30–60 m (95% CI)
4 bounds (m) 13 -0.79** (-0.93 to -0.42) -0.94** (-0.98 to -0.81) 28 -0.59** (-0.79 to -0.28) -0.67** (-0.83 to -0.40)
4 bounds rel height (m) 13 -0.71** (-0.91 to -0.26) -0.96** ( -0.99 to -0.87) 28 -0.55** (-0.76 to -0.22) -0.59** (-0.79 to -0.28)
SBJ (m) 13 -0.47 (-0.81 to 0.11) -0.67* (0.89 to -0.19) 28 -0.45* (-0.70 to -0.09) -0.60** (-0.80 to -0.29)
SBJ rel height (m) 13 -0.41(-0.78 to 0.18) -0.58* (-0.86 to -0.04) 28 -0.37 (-0.65 to 0.00) -0.49** (-0.73 to -0.14)
Run in place (s) 12 0.39 (-0.24 to 0.79) 0.27 (-0.36 to 0.73) 27 -0.01 (-0.39 to 0.37) 0.01 (-0.37 to 0.39)
Split Jump (s) 10 0.08 (-0.58 to 0.68) -0.07 (-0.67 to 0.59) 27 0.29 (-0.10 to 0.60) 0.39* (0.01 to 0.67)
Skip (s) 6 0.93** (0.48 to 0.99) 0.49 (-0.53 to 0.93) 28 0.70** (0.44 to 0.85) 0.61** (0.31 to 0.80)
4 bounds rel height (m) is the 4 bounds normalised for height, SBJ is standing broad jump, SBJ rel height is SBJ normalized for height, Skip is 10m speed skip and
95% CI is the 95% confidence interval. The number of participants and level of significance is indicated using a (*) for each Pearson correlation, where p < 0.01∗∗
and p < 0.05∗.
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7.5 discussion
Paralympic classification requires the development of a reliable and valid TATs for running.
The TATs which, predict performance in running will be used in the classification process
to objectively differentiate well trained athletes from those who are not. The purpose of this
experiment was to evaluate the validity of a battery of novel tests designed to predict run-
ning performance in RBI. The results demonstrate a significant difference in performance
of the TATs between RBI and NDR, in all tests except the skip. The 4 bounds, SBJ and
skip were the best predictors of running performance in RBI, while the RIP and SJ were
the weakest predictors of running performance. The majority of the results presented in
the current study are consistent with results reported in non-disabled recreational runners
(Beckman and Tweedy 2009).
The 4 bounds had strong and significant correlations with top speed and acceleration
in RBI. These results resonate with current literature where unilateral bounds - including
plyometric leaps and triple jumps - predict sprint performance (Sinnett et al. 2001, Brechue
et al. 2010). These unilateral explosive activities are common training drills and evidence
suggests that plyometric leap distance predicts 73.9% of the variance in run time in recre-
ational distance runners (Sinnett et al. 2001), while a standing triple jump - similar to the 4
bounds activity in the current study - correlates to acceleration in college football players
(r = −0.74) (Brechue et al. 2010). In people with traumatic brain injury, a bounding activity
correlated to running performance, r = −0.61 (Williams and Goldie 2001). The results of
the current study are consistent with previous literature, where the 4 bounds correlate with
top speed in sprint performance (r = −0.94) in RBI, suggesting that unilateral lower limb
power is a determinant of running performance.
The SBJ was a good predictor of top speed running performance in RBI and NDR. These
results in NDR are consistent with previous research which demonstrated bilateral jump-
ing tests including the counter movement jump (CMJ), squat jump (SJ), vertical jump (VJ),
and SBJ correlate to sprint performance (Almuzaini and Fleck 2008, Bissas and Havenetidis
2008, Kale et al. 2009). In healthy males and trained college football players, SBJ significantly
correlated to sprint performance, r = −0.45 (Almuzaini and Fleck 2008), and r = −0.80 re-
spectively (Brechue et al. 2010) which are comparable to the current study which reported
significant correlations r = −0.60 in NDR and r = −0.67 in RBI. In accordance with the IPC
positions stand, a valid TAT requires the test to be predictive of performance in RBI and
non-disabled participants. The results of the current study demonstrate that in RBI the SJB
and 4 bounds are valid tests and have utility in providing classifiers with an objective mea-
sure to differentiate athletes who are well trained from those who are not. These results
alone will not permit comprehensive classification of athletes currently eligible to com-
pete in classes T35-T38 for running events. However, in conjunction with an evaluation of
athlete’s impairment, including the assessment of strength, range of movement and coordi-
nation (eligible neuromusculoskeletal impairments for running events for RBI), these valid
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tests identified in the current experiment could be used to account or control for an athletes
training status - resulting in a more precise classification system. This would be performed
using an analysis such as a factor analysis which would allow for the determination of the
impact of training on the relationship between impairment and performance. Furthermore,
these tests have potential utility into other Paralympic sports. Running is a fundamental
activity and a primary determinant of performance in a number of Paralympic sports, such
seven-a-side football and Para-triathlon. The development of valid TATs circumvents the
need to develop running TATs in other sports, potentially fast tracking improved classifica-
tion methods and also creating consistency in measurement methods.
Results of the current study show skipping correlated to acceleration in the RBI (r = 0.93)
and NDR (r = 0.70). Literature has reported that maximal skipping speed over 10m has
been demonstrated to be reliable (Williams et al. 2006) and valid (Williams et al. 2012) in
evaluating high level mobility in adults with traumatic brain injury. Skipping is a common
sprint training drill (Radcliffe 2007), however there has been no substantial evidence sup-
porting its relationship to sprinting. In the current study only six RBI were able to complete
the activity according to the protocol. Skipping is a unique motor task which requires co-
ordination and hop-step-hop-step alternating lower limb activity. A possible explanation is
that skipping is a learned activity rather than a fundamental movement pattern, which is
fostered by coaches recognising the importance of the activity in sprint performance. While
the results from this experiment suggest that skipping may not be a valid TAT in this par-
ticipant group, skipping may be a useful training drill for coaches to introduce to athletes.
This is because, of the athletes who were able to skip also had faster sprint times.
The findings of the current study are consistent with previous research conducted by
Beckman and Tweedy (2009) which found weak correlations for running in place (RIP), split
jump (SJ) and running performance in non-disabled participants. Beckman and Tweedy
(2009) hypothesised athletes with disabilities - in the presence of impaired coordination -
the RIP and SJ would correlate to running performance. The authors suggest a threshold
of impaired motor control is required to significantly affect an athlete’s ability to alternate
limbs before it will affect running performance. However, the current study found weak
and non-significant correlations with running performance in RBI for both RIP and SJ (r =
0.39, r = 0.08 respectively). There are two possible explanations for these outcomes, firstly
is that in fact the ability to rapidly alternate the lower limbs in specific patterns - as required
to perform the RIP and SJ - may not be important determinants of running performance in
RBI, and therefore both are not informative tests. Secondly, a limitation of this experiment
is recruitment of participants with relatively mild impairments, compared to the general
population of people with brain impairments eligible to compete in Paralympic sport. As
such, the participants may have a bias to have minimal activity limitation, and therefore do
not have severe enough coordination impairment affecting their ability to perform rapidly
alternating movements. It will be necessary, for future research to recruit a wider range of
severity and types of impairments to determine the utility of the RIP and SJ tests.
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7.6 conclusion
This study identified tests which are predictive of running performance, acceleration and
top speed, in runners with brain impairments. The 4 bounds and skip were the best pre-
dictors of acceleration (0–15 m) and the 4 bounds and standing broad jump were the best
predictors of top speed (30–60 m) in running performance in people with brain impair-
ments. The findings of this experiment have significant implications in contributing towards
evidence-based classification for Paralympic running events. In this relatively understud-
ied population, this study identified valid tests which will permit classifiers to differentiate
athletes who are well trained from those who are not, reducing the likelihood of erroneous
classifications. A larger sample of RBI with a range of types and severity of impairments
is essential in developing norms, which may be potentially useful for current classifiers
to inform classification decisions, who currently rely on expert opinion only. Evaluation
of the predictive validity of TATs and how training responsive each of the TATs are now
warranted.
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8.1 abstract
Paralympic throwing events for athletes with physical impairments comprise seated and
standing javelin, shot put, discus and seated club throwing. Identification of talented throw-
ers would enable prediction of future success and promote participation, however a valid
and reliable talent identification battery for Paralympic throwing has not been reported.
This study evaluates the reliability and validity of a talent identification battery for Par-
alympic throws. Participants were non-disabled so that impairment would not confound
analyses, and results would provide an indication of normative performance. Twenty-eight
non-disabled participants (13M; 15F) aged 23.6 years (±5.44) performed five kinematically
distinct criterion throws (three seated, two standing) and nine talent identification tests
(three anthropometric, six motor); 23 were tested a second time to evaluate test/re-test
reliability. Talent identification test re-test reliability was evaluated using Intra-class Cor-
relation Coefficient (ICC) and Bland-Altman plots (Limits of Agreement). Spearman’s cor-
relation assessed strength of association between criterion throws and talent identification
tests. Reliability was generally acceptable (Mean ICC =0.89), but two seated talent identi-
fication tests require more extensive familiarization. Correlation strength (mean rs = 0.76)
indicated that the talent identification tests can be used to validly identify individuals with
competitively advantageous attributes for each of the five kinematically distinct throwing
activities. Results facilitate further research in this understudied area.
Key words: Track and Field, Disability evaluation, Athletic Performance, Anthropometry
and Club throwing
8.2 introduction
Talent identification tests are tests developed for the purpose of evaluating large numbers
of people who are relatively untrained in a particular sport with the aim of identifying
those who have attributes that will confer a competitive advantage for that sport (Pearson
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Figure 8.1: Paralympics 397 g club throwing implement used in competition.
et al. 2006, Lidor et al. 2009). Talent identification programs serve two important objectives;
firstly, to identify candidates for specialised talent development programs with the aim of
achieving accelerated competitive success at an elite level (Bullock et al. 2009); and secondly,
to increase sports participation by providing sports novices with a guide to the sports in
which their physical profile would be most advantageous and increasing the prospect of
enjoying relatively early success and enjoyment (Vallerand and Rousseau 2001).
In Australia, the dual roles of talent identification programs are particularly important
for Paralympic Sport. Evidence indicates that programs such as Paralympic Talent Search,
(APC 2013) have assisted Australia to achieve and maintain high levels of success in the in-
creasingly competitive international Paralympic environment. Additionally, such programs
provide a pathway to sports participation for people with disabilities, a vital contribution
given the low rates of sports participation in this population (ABS 2012).
The focus of this paper is talent identification for throwing events of Paralympic Athlet-
ics. A number of talent identification batteries for throws - both Olympic and Paralympic
- have been described in grey literature (APC 2013), although validity and reliability have
not been evaluated in peer-reviewed, scientific literature. Research indicates the following
tests predict performance of various throws and therefore may be potentially useful for
Paralympic talent identification: standing height and/or height of implement release pre-
dict (Chow and Mindock 1999, Frossard et al. 2007, Leigh et al. 2008) arm span/arm length
(Maronski 1991); and jump tests such as the vertical jump, countermovement jump, and
standing broad jump (Morrow 1982, McCluskey et al. 2010).
A wide range of techniques are used in Paralympic throwing. Standing throwers perform
three Olympic throws - javelin, discus and shot put - using conventional techniques. Seated
throwers perform four throws: javelin, discus, shot put and the club (IPC 2014), the latter
being a wooden implement weighing 397 g (Figure 8.1).
The design of the club facilitates grasp and release by people with severe impairments:
it has a relatively long and narrow handle which prevents slipping and a relatively short
and thick head where the mass of the club is concentrated. There are three different seated
throwing techniques for the club -overhand (similar to javelin), rotational (similar to discus)
and a backwards overhead technique, in which the participant faces 180° to the direction
of the throw and releases the club backwards using a movement combining rapid trunk
extension and shoulder flexion.
Although there are obvious technical variations across the Paralympic throwing events,
biomechanical similarities exist which permit events to be broadly categorised into five
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distinct groups: standing throws with a rotational action (e.g., discus and rotational shot
put); standing throws with a linear action (e.g., javelin and glide shot put); seated throws
with a rotational action (e.g., discus and shot put); seated throws with a linear action (e.g.,
javelin and shot put); and a backwards overhead action. It is posited that development of a
talent identification test battery which predicts performance in these five techniques would
be both useful for identifying individuals who possess the attributes for succeeding in
Paralympic throwing events and would be more achievable than trying to develop tests that
are predictive of performance in each of the individual Paralympic throwing techniques.
In addition to predictive validity, talent identification batteries should also have accept-
able reliability and a short administration time in order to facilitate testing large samples
(Robertson et al. 2013). To be employed in a cohort of people with varying degrees of sever-
ity and types of disabilities, the tests must be safe for people with minimal experience
in sport, and be inclusive so that the maximum number of people with impairments can
perform the tests.
The first scientific step towards development of evidence-based talent identification tests
for Paralympic sports presents a previously identified methodological challenge regarding
participant selection (Beckman and Tweedy 2009). While it may appear that participants
should be athletes with disabilities, they are not an appropriate group for an initial in-
vestigation. This is because impairment is a significant confounder, with a likely outcome
being that athletes with less severe impairments perform better on the tests than those with
more severe impairments. Controlling for this confounding effect would require a method
for grouping athletes so that the impact of impairment on test performance is minimised.
Unfortunately there are currently no suitable methods for controlling for the impact of
impairments on any sort of athletic performance (Tweedy and Vanlandewijck 2011).
Therefore, an evaluation of talent identification tests in non-disabled participants can
provide a sound indication of test reliability and validity, provided protocols are developed
in a way that permits accurate execution in people both with and without disabilities.
This is because, although impairment may have some impact on the relative importance
of some tests, the physiological and anthropometric similarities between these two human
sub-populations are far more profound than the differences. Additionally, tests which have
demonstrated reliability and validity in the non-disabled population also provide a good
indication of normal performance, for future utility when interpreting results from athletes
with disabilities (Beckman and Tweedy 2009).
Accordingly, the aim of the study was to evaluate the reliability and validity of a talent
identification battery which was developed to identify untrained individuals who have
attributes which will confer a competitive advantage for seated and standing Paralympic
throwing events. The tests were evaluated in a non-disabled population.
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8.3 methods
8.3.1 Participants
Twenty eight non-disabled, physically active participants were recruited from the School
of Human Movement Studies, University of Queensland and comprised 13 males (mean
age + SD = 23.0 + 4.1 years, mean body mass + SD = 68.2 kg + 8.3) and 15 females (22.5 +
2.7 years, 63.9 kg + 7.4). Participants were informed of the study’s purpose and provided
written informed consent prior to participation. The study was approved by the Medical
Ethics Review Committee of the University of Queensland (8.3.2).
8.3.2 Procedures
All participants attended a one hour testing session and, to evaluate test re-test reliability,
twenty-three (11 males and 12 females) returned for a second session within seven days.
Participants performed 14 tests: five criterion throwing tests (three seated, two standing)
and nine talent identification tests (three anthropometric, six motor) in a randomised or-
der. Participants completed three maximal familiarisation trials followed by three recorded
trials with one minute recovery. The best trial was used for further analysis.
8.3.3 Protocol
The criterion throws and talent identification tests were developed by a panel of five ex-
perts comprising people who were one or more of the following: published scientist; In-
ternational Paralympic Committee accredited classifiers; or coach. Based on experience, as
well as relevant biomechanical principles of seated and standing throwing performance,
two batteries of tests were developed - a battery of criterion throws and a battery of talent
identification tests.
The standing criterion throws were a standing over-hand and a standing rotational throw.
Each standing criterion throw was performed by a rapid translation (overhand throw stand)
or static lower limb combined with counter trunk and hip rotation (rotational throw stand)
in preparation for the throw. For the seated throws the participants threw from a custom-
built chair (Tweedy et al. 2012) which had a seat surface 75 cm from the ground (IPC
2007b) that could rotate in 10° increments relative to the throw direction. The backrest was
adjustable up to 100% of sitting height or completely removed. Straps were placed across
the thighs and pelvis and the footrest height was adjusted so the hips, knees and ankles
were in 90° flexion to ensure that the legs could not contribute to the propulsion of the club
(Figure 8.2).
The criterion throws comprised five kinematically distinct throwing activities: seated and
standing over-hand throwing, seated and standing rotational throwing, and backwards
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Figure 8.2: Participant set-up in a custom-built seated throwing chair with adjustable features. Par-
ticipants had straps placed across their thighs and pelvis, with feet placed on an ad-
justable footrest which moved up or down to ensure hips, knees and ankles were at 90°
flexion. The chair had an adjustable back rest and the chair could rotate in 10° incre-
ments.
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over-head throwing. For all criterion throws, participants threw a club (International Par-
alympic Committee competition-standard 397 g throwing club) as far as possible into the
throwing vector (International Association of Athletics Federation 2011). The competition-
standard club was selected as the throwing implement because it enables athletes with
severe impairments affecting grasp and release to throw and will permit translation into
future research in people with disabilities. The dominant hand was used in all throwing
activities. They grasped the club by the handle (narrow portion) using a palmar grasp. The
outcome measure of the throw was distance in meters. The measurement was taken from
the centre of the axis rotation below the chair for seated throws, and from the throw line to
the clubs first contact with the ground for the standing throws.
The seated overhand throws used a linear throwing action similar to that used in javelin
with movement primarily in the sagittal plane. For the standing over-hand throw a three
meter run-up was permitted and, for the seated over-hand throw, the backrest height and
seat angle set to 14% of sitting height and 30° relative (Tweedy et al. 2012) to the throwing
direction respectively. The standing rotational throw required participants to stand at the
throwing line with pelvis and shoulder girdle facing 90° to the throw direction prior to
throwing the club as far as possible using an action that was similar to the final delivery
phase of the discus with movement occurring primarily in the transverse plane. The same
action was used for the seated rotational throw with the seat angle set to 40° relative to the
throw direction and the backrest removed from the chair. For the seated backward overhead
throw participants faced 180 degrees to the throwing direction and, after an initial trunk
flexion counter-movement, rapidly extended the trunk with shoulder flexion, releasing the
club overhead backwards.
The talent identification battery comprised three anthropometric and six motor tests. The
anthropometry measures comprised height (cm) (SECA 202), sitting height (cm) (Harpen-
den sitting table, Holtain, United Kingdom) and arm length (cm) which was measured from
acromiale to lateral margin of the styloid process (Stewart et al. 2011) (Lufkin, Y833SI).
The motor talent identification tests comprised Seated Force Throw and Standing Force
Throw, a Target Throw, an Isometric Maximum Voluntary Contraction, Standing Broad
Jump and Side Step Shuttle. These tests were specifically developed to evaluate throw-
specific measures of power and coordination of releasing the implement, the two neurom-
suculoskeletal functions affected in athletes with disabilities (e.g. people with spinal cord
injury, cerebral palsy, acquired brain injury).
For the Standing and Seated Force Throws, participants threw a custom-made ball, 400
g in mass and 8.5 cm in diameter. The casing of the ball was two pieces of double thick-
ness Lycra, each 82.5 cm², double stitched together in a pattern like tennis ball. The ball
was tightly packed with sand. Participants threw the ball vertically downwards with the
dominant hand as fast as possible onto a calibrated force plate (Kistler, Switzerland, dimen-
sions 400 mm x 600 m, sampling frequency 1000 Hz). Peak force in Newtons was recorded
(Butterworth filter, 10 Hz, dual pass filtering method). For the Seated Force Throw, partici-
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pants sat on a stool (seat height 75 cm) with hips, knees and ankles at ninety degrees and
hips strapped securely to the chair. The chair legs on the side of the throwing arm were
positioned 20 cm from the long edge of the force plate. The participant’s mid-axilla was in
line with the centre of the force plate. For Standing Force Throw participants stood with
the long edge of the force plate 20 cm from the lateral aspect of the foot, and encouraged
to use a lower limb counter-movement to maximise force. The force throw aims to evaluate
the ability of an athlete to rapidly generate proximal to distal segmental acceleration of the
trunk and upper limb in a coordinated movement pattern, before releasing the ball at the
optimal time to achieve maximum speed and highest force.
For the Target Throw, participants used their dominant hand to throw a wet tennis ball
ten times aiming at the centre of a target which comprised 4 concentric circles with diame-
ters of 0.2 m, 0.4 m, 0.6 m, 0.8 m. Participants scored four points, three points, two points
and one point for hitting the smallest to biggest targets respectively, yielding a possible
maximum score of 40 points. Participants’ were seated (height 0.75 m) 2.5 m away from the
target which had the centre located on a wall 1.5 m from the ground. The Target Throw
tests the ability to release an object at a very precise point without the release assistance
that is provided by both high velocity movement and heavy implements.
To measure Isometric Maximum Voluntary Contraction, participants were seated in a
previously described custom-built rig (Vanlandewijck, Verellen et al. 2011). The rig com-
prised a rigid, aluminum rectangular frame with an S-type load cell (Scale Components,
Australia) rated to 394 kg, mounted at one end, opposite a rigid seat. The load cell was
connected to a Musclelab unit (100 Hz, Ergo Test, Norway) which converted the signal and
transmitted it to a portable computer for analysis. The rig permitted anthromopetrically
standardised positioning of participants. Participants were seated with knees and ankles
positioned and strapped at 90°. The participant’s dominant hand was placed at shoulder
height with the fingers pointed upwards and the elbow in 120° extension. Participants ap-
plied force to the load cell by pushing as hard and fast as possible and held the push for
3 seconds. Maximum force was measured in Newtons. The Isometric Maximal Voluntary
Contraction aims to capture an athlete’s ability to synchronise maximum contraction of
relevant elbow extensor, shoulder and chest muscles critical for throwing performance.
For the Standing Broad Jump, participants stood behind a line and, keeping the feet
together and were instructed to jump as far as possible using a countermovement. The
outcome measures were the distance measured (m) from the start line to the back of the
heel closest to the start line, and this distance normalised for standing height (Hay 1993).
Standing Broad Jump assesses an athlete’s ability to rapidly develop lower limb power by
utilising the stretch shortening cycle.
For the Side Step Shuttle participants side-stepped as fast as possible (alternate leg abduc-
tion and adduction) between infrared timing light gates (SMARTPSEEDTM system) sepa-
rated by 3 metres. The outcome measure was the elapsed time in seconds. Participants
started from a position which was 20 cm behind the first timing gates facing 90º to the
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direction of movement and the non-dominant side closest to the timing gates. Participants
stopped before crossing a line 1.5 m after the second timing gates. The Side Step Shuttle
assesses an athlete’s ability to rapidly translate over short distances. This lower limb lateral
agility activity executed with precision could be critical in the lead up phases to throwing
activities in Paralympic standing throwing events.
8.4 data analysis
All statistical analyses were conducted using PASW v.18.0 (IBM Inc, Chicago, USA). De-
scriptive statistics (Mean ± SD) were generated for male and female participants for all
criterion throws and talent identification tests. The data was assessed for normality, and
values with z-scores outside the range of ±3 were classified as outliers and excluded from
further analysis (Tabachnick and Fiddell 2007). The strength of association between crite-
rion throws and relevant talent identification tests was assessed using Spearman’s corre-
lations. Fisher’s r-to-z-test was used to determine whether the correlation coefficients be-
tween criterion throws and talent identification tests were significantly different for males
versus females.
Statistical procedures for evaluating test re-test reliability were based on previously pub-
lished guidelines (Atkinson and Nevill 1998) . A paired sample t-test was performed to de-
termine whether there was a systematic bias between the first and second testing sessions.
Relative reliability of talent identification tests was assessed using Intra-class Correlations
Coefficients (ICCs): a two-way random agreement (2, 1) model was employed when there
was a significant difference between test and re-test and a fixed consistency model (3, 1) was
used when there was no significant difference (Krebs 1986, Weir 2005). Significance was set
at p < 0.05. Absolute reliability was assessed using Standard Error of Measurement (SEM)
and limits of agreement (LOA), the latter being derived from Bland-Altman plots, together
with heteroscedasticity and bias.
8.5 results
Descriptive statistics for male and female participants for the talent identification test bat-
tery and the criterion throws are presented in Table 8.1. Three outliers were identified with
z-scores outside the range of ±3, one for each the Seated Force Throw, Standing Broad Jump
and the Target Throw and these were removed from the analysis. Table 8.1 also presents re-
sults from the test re-test analyses. Paired sample t-tests revealed no significant differences
between results obtained in the first and second talent identification testing session, with
the exception of Standing Force Throw and Maximum Voluntary Isometric Contraction.
Table 8.1: Descriptive statistics and test re-test reliability for all tests.
Descriptive Statistics Test re-test Reliability
Male Female Males and Females Combined
Mean ±SD Mean ±SD t-statistic ICC SEM Bias ± LOA SD of Difference
TID Battery
Height (cm) 178.2±9.5 167.8±5.5 -2.6 0.99 1.9 -0.4±1.6 0.8
Sitting height (cm) 94.0±4.6 89.8±2.3 0.3 0.99 0.9 0.0±0.7 0.4
Arm length (cm) 60.9±3.7 55.8±2.3 1.5 0.95 0.7 0.4±2.3 1.1
Seat-FT (N) 2027.7±376.9 1595.1±129.4 0.2 0.73 413.5 10.8±566.6 284
Target (/40) 36.4±3.1 33.2±3.5 -0.8 0.67 2 -0.0±5.5 2.8
IMVC (N) 439.4±93.8 295.4±86.7 3.4* 0.85 37.7 35.9±109.5 53.3
Stand-FT (N) 2307.8±617.8 1810.1±418.7 -3.1* 0.84 213.3 -216.5±599.2 305.7
SBJ (cm) 120.0±10.0 100.0±10.0 -1.1 0.96 0 -0.0±0.1 0
SSS (s) 0.98±0.1 1.1±0.7 -0.1 0.82 0.1 -0.0±1.3 0.6
Criterion throws
Rotational throw seat (m) 27.0±5.0 17.2±4.1 N/A N/A N/A N/A N/A
Over-hand throw seat (m) 27.2±6.1 14.3±3.5 N/A N/A N/A N/A N/A
Backwards throw seat (m) 20.1±5.2 15.0±2.8 N/A N/A N/A N/A N/A
Rotational throw stand (m) 36.1±7.6 21.8±5.5 N/A N/A N/A N/A N/A
Over-hand throw stand (m) 41.3±7.5 22.1±5.4 N/A N/A N/A N/A N/A
*t-test significant at the 0.05 level (2-tailed) for comparison of the first and second testing session. TID is talent identification, Seat-FT is Seated Force Throw, IMVC
is Isometric Maximal Voluntary Contraction, Stand-FT is Standing Force Throw, SBJ is Standing Broad Jump, SSS is Side Step Shuttle run and N/A is not applicable.
Test re-test reliability (Males and Females combined) was evaluated using t-test (t statistic), Intraclass Correlation Coefficient (ICC), Standard Error Measurement
(SEM), Bias ±Limits of Agreement (LOA) and Standard Deviation (SD) of the Difference.
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Heteroscedasticity of Bland-Altman plots was evaluated, with correlations found to be
close to zero and non-significant. The mean ICC for the talent identification tests was high
(0.89), with the strongest being both height and sitting height (0.99). The two tests with the
lowest ICC’s were Seated Force Throw (0.73) and Target Throw (0.67) and both of these
tests had relatively broad LOA and high SEM, although bias for both tests was relatively
small. Figure 8.3 presents the Bland-Altman plots for the Seated Force Throw (Panel A)
and the Isometric Maximum Voluntary Contraction (Panel B) to illustrate the size of the
bias and LOA for these tests.
Spearman’s correlations are presented in Table 8.2. Fisher’s r-to-z-test demonstrated 95%
of the correlation coefficients for males and females were not significantly different (p >
0.05) so males and females were treated as a single group. Relationships between the seated
criterion throws and talent identification tests were all significant, showing moderate to
high correlations (mean rs = 0.61). Seated Force Throw showed the strongest relationship
to all seated throwing performance (mean rs = 0.72) and Standing Broad Jump showed the
strongest relationship with both standing throws (mean rs = 0.82). Standing Force Throw





Figure 8.3: Bland–Altman plots (a) Seated Force Throw (b) Isometric Maximum Voluntary Contrac-
tion. In each case the y-axis is the difference between tests (T1 – T2) and the x-axis is the
mean of the two tests. The dashed lines represent the limits of agreement.
Table 8.2: Spearman correlations between criterion throws and each of the tests comprising the TID battery.
Criterion Seated throw Criterion Standing throw
TID Battery Over-hand Rotational Backwards Over-hand Rotational
Height (cm) 0.52* 0.65** 0.59** 0.58** 0.68**
Sitting Height (cm) 0.50* 0.53** 0.59** 0.53** 0.59**
Arm length (cm) 0.52** 0.68** 0.55** 0.62** 0.70**
Seat-FT (N) 0.76** 0.71** 0.70** N/A N/A
Target (/40) 0.63** 0.54* 0.74** 0.69** 0.68**
Stand-FT N/A N/A N/A 0.37 0.35
IMVC (N) 0.59** 0.61** 0.50* 0.69** 0.54**
SBJ (m) N/A N/A N/A 0.86** 0.77**
SSS (s) N/A N/A N/A -0.50* -0.46*
** Correlation is significant at the 0.01 level (2-tailed) * Correlation is significant at the 0.05 level (2-tailed). TID is talent identification,
Seat-FT is Seated Force Throw, IMVC is Isometric Maximal Voluntary Contraction, Stand-FT is Standing Force Throw, SBJ is Standing
Broad Jump, SSS is Side Step Shuttle run and N/A is not applicable.
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8.6 discussion
This study evaluated nine talent identification tests and the majority had both acceptable
reliability and provided a valid indication of performance in five kinematically distinct
throwing activities, three seated and two standing. The findings are important because tal-
ent identification for Paralympic throws is a very understudied area, particularly seated
throws. Results indicate that the tests described can be used to assist with the identification
of potentially talented throwers and what style of throw - linear, rotational or backwards
overhead - they will be best suited to. This study also facilitates future research on partici-
pants with disabilities that would not otherwise have been possible because the protocols
described - both criterion throws and talent identification tests – were designed with a view
to test people with disabilities, and because the results from the non-disabled participants
in this study will allow meaningful interpretation of data from people with disabilities.
Some caution must be exercised when applying results from this study to talent identi-
fication for Paralympic throwers because, for methodological reasons detailed in the intro-
duction, participants in this study did not have disabilities. While it is possible that future
research will identify differences in the relative predictive strength of the various talent
identification tests, dramatic differences would not be expected because both are funda-
mentally human subpopulations, and therefore the findings can be usefully applied.
While most of the tests were moderately predictive of performance in the five styles of
throws, there were variations in the talent identification tests that had the best correlations
with each of the five. For the seated throws, Seated Force Throw was the best predictor of
performance in both the over-hand (r = 0.76) and rotational seated throws (r = 0.71), and
second best predictor for the seated backwards throw (r = 0.70). The best predictor for the
seated backwards throw was the Target Throw (r = 0.74). The Standing Broad Jump was
the best predictor for both standing throws (over-hand r = 0.86 and rotational r = 0.77),
with the second best predictor for over-hand throw the Isometric Maximum Voluntary
Contraction (r = 0.69) and the second best for rotational throw being the Target Throw
(r = 0.68).
Talent identification for seated throws is particularly understudied and two novel tests
were strongly correlated with seated throwing performance – Seated Force Throw (mean
rs = 0.72) and Target Throw (mean rs = 0.64). Seated Force Throw was principally de-
veloped as an index of hand speed at the point of release, because previous research had
demonstrated that hand speed was an important determinant of seated throwing perfor-
mance (Chow and Mindock 1999). These results indicate that Seated Force Throw provides
a sound indication of hand speed and that, in the absence of lower limb contribution, hand
speed is a critical performance determinant.
The Target Throw was a novel test developed as a principal measure of the thrower’s
ability to release the implement at the optimal height and angle - known determinants of
throwing performance (Chow and Mindock 1999). The results showed that Target Throw
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was a significant predictor of all three seated throws. The strong relationship with back-
wards overhead throwing might indicate that height and angle of release are limiting fac-
tors with this technique. That is, the sequential motor coordination of the trunk and upper
limb in a proximal to distal movement pattern to effectively complete this throw may rely
on timing of release of the implement measured by the Target Throw in the current study.
While the majority of tests had acceptable reliability, there were some variations. Results
for both Isometric Maximum Voluntary Contraction and Standing Force Throw were signif-
icantly larger at re-test compared with initial testing, indicating a possible learning effect.
This could be addressed through a more thorough familiarisation protocol (e.g., incorporat-
ing three sub-maximal trials prior to the three maximal trials, and requiring three maximal
trials to fall within a 10% range, prior to the recorded trials). Collective consideration of rel-
ative (ICCs) and absolute (LOA and SEM) indicated that reliability of Seated Force Throw
and Target Throw were unreliable. Given that both of these tests were quite novel and con-
ducted from a sitting position which our non-disabled sample were unaccustomed to, it is
plausible that closer attention to standardising the execution of the movements and more
thorough initial familiarisation would optimise reliability of these tests.
Because data were collected on both standing and seated throwing performance, results
from this study provide an indication of the relative contribution of the lower limbs to
throwing performance. The standing overhand throw was 52% larger than the seated in
males and 54% larger in females; rotational throw was 34% percent larger in males and 27%
larger in females. This is the first study to quantify the relative contribution of the lower
limbs in this way. They provide support for the recent change to International Paralympic
Committee Athletics Rules and Regulations (rules 35 and 36) which ensure that athletes
who are able to use their legs do not compete against athletes who cannot (International
Paralympic Committee Athletics 2014). Results can also be used to inform the development
of athletes training regimes and identify training priorities.
Some of the results from our study are consistent with previous research. Height of
implement release and anthropometry including standing height and arm length, have
previously been shown to be associated with throwing performance in seated athletes with
disabilities (Frossard et al. 2007) and standing throwing performance in athletes without
disabilities (van den Tillaar and Ettema 2004). Jumping activities like the Standing Broad
Jump are associated with standing throwing performance (McCluskey et al. 2010). In the
current study, the Standing Broad Jump was the best correlate for the over-hand (r =
0.86) and rotational standing throws (r = 0.77). This is consistent with previous research
which has demonstrated an association between lower limb power and standing throwing
performance, of 0.62 to 0.70 respectively (Kyriazis et al. 2009, McCluskey et al. 2010). The
high correlation between throwing performance and both standing height (Terauds 1978,
Bartlett and Best 1988) and arm length (Morriss and Bartlett 1996) have been previously
demonstrated.
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Importantly, five of the novel talent identification tests developed for this study were
significantly associated with throwing performance, these being: Seated Force Throw (mean
rs = 0.72) which assess an athlete’s ability to generate segmental acceleration to achieve
maximum speed and force; Target Throw (mean rs = 0.66) which assesses optimal timing
of implement release; Isometric Maximum Voluntary Contraction (mean rs = 0.59) which
assesses the ability to synchronise maximum contraction; and Side Step Shuttle (mean rs =
−0.48) which assesses lower limb lateral agility.
8.7 conclusion
This study identified anthropometric and motor talent identification tests that are reliable
and provide a valid indication of performance in five kinematically distinct seated and
standing throwing activities. The tests with the best correlations for seated throw activities
were the Seated Force Throw and Target Throw. The best correlations for the both stand-
ing throw activities was the Standing Broad Jump, while, arm length correlated strongly for
seated and standing rotational throws. Given the paucity of research in this area, these find-
ings are important, permitting preliminary identification of potentially talented Paralympic
throwers, including what style of throw - linear, rotational or backward overhead – they will
be best suited to. The strength of the correlations indicates that further research evaluating
the predictive validity of these tests in athletes with disabilities is now warranted.
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9.1 results and conclusions
The aim of the program of research presented in this thesis is to contribute to the de-
velopment of an evidence-based classification system for Paralympic Athletics. The Posi-
tion Stand provides a theoretical description of how evidence-based classification can be
achieved (Tweedy and Vanlandewijck 2011). As described, evidence-based classification
in Paralympic athletics requires two central relationships to be evaluated. The first is the
strength of association between measures of impairment – strength, ROM and coordina-
tion – and tests of performance (creating a total of twelve relationships). The second is
the evaluation of the strength of association between training assessment tests and tests
of performance (creating a total of four relationships). The experiments presented in this
thesis are consistent with principles articulated in the Position Stand and make a practical
scientific contribution to the development of evidence-based systems of classification in
Paralympic athletics for running and throwing events.
Figure 9.1 presents a consolidated view of the schematic representations of the four ex-
periments that were conducted, Experiment 1 (Panel a), Experiment 2 (Panel b), Experiment
3 (Panel c), and Experiment 4 (Panel d). The schematics illustrate which relationships were
evaluated and presented in this thesis. Experiment 1 evaluated the strength of association
between novel tests of coordination and ROM and running (presented in Chapter 5); Exper-
iment 2 evaluated the validity of novel coordination tests and throwing events (presented
in Chapter 6); Experiment 3 evaluated the validity of training assessment tests and running
(presented in Chapter 7); and Experiment 4 focused on the development and evaluation
of the validity of a novel battery of training assessment tests for Paralympic seated and
standing throwing (presented in Chapter 8).
Summary of results and contributions to the field of research
As described in Chapters 1 and 2, there are two principle threats to the current best practice
of classification in Paralympic athletics – the validity of the measurement methods of im-
pairment and the process of class allocation, which depends heavily of expert opinion for
decision-making (Tweedy et al. 2014). This is because lassifiers use methods such as anthro-
pometry and manual muscle testing to evaluate impairment, which raised concerns about
the inter-rater reliability of the measurements employed and the validity of the measures
for use in a sporting context, among others described in Chapter 2. These evaluation meth-
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(a) (b)
(c) (d)
Figure 9.1: Schematic representation of the contribution of the current thesis towards the develop-
ment of evidence-based classification in IPC athletics. Experiments evaluate (a) Relation-
ship between coordination and ROM for running; (b) Relationship between coordination
and seated-throw and standing-throw; (c) Relationship between training assessment tests
and running, and (d) Relationship between training assessment tests and seated-throw
and standing-throw performance.
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ods are supplemented with novel tasks to evaluate an athlete’s training status primarily
in a qualitative manner. As such, this may impact on the reliability of the assessment, and
the methods to date, have not provided evidence of how the tests that are used are related
to performance in athletic events. The process therefore relies heavily on expert opinion
for decision-making, where the allocation of a class requires the classifiers to weigh and
aggregate the impairment profile before placing athletes into an appropriate class. The out-
comes from the program of research described here will contribute to the development of
measurement methods required for the implementation of a new evidence-based system
of classification for Paralympic athletics. This will require considerable research to deter-
mine the extent to which impairment affects activity limitation in all athletic events, as each
test must be individually validated for use. The outcomes from this program of research
may also contribute to the current classification system by offering reliable and valid mea-
surement of impairment to allow classifiers to make stronger, more transparent decisions
regarding the class of an athlete.
An evidence-based classification system will place athletes into classes according to how
much their impairment impacts on performance (Tweedy and Vanlandewijck 2011). A valid
test of impairment is reliable, parsimonious, ratio-scaled, evaluates one impairment and
will be resistant to training (Tweedy and Vanlandewijck 2011). Accordingly, a battery of
novel coordination and ROM tests presented in this thesis, designed to fulfill the princi-
ples of the Position Stand, are described in Chapter 3 and Chapter 4. The design of the
coordination tests (reciprocal and discrete tasks) were underpinned by previous work de-
veloped by Fitts (Fitts 1954, Fitts and Peterson 1964). For running and standing-throwing
the tests consisted of unilateral and bilateral lower limb reciprocal tapping tasks; for seated-
throwing the tests consisted of upper limb discrete aiming tasks and all tests were visually
constrained or unconstrained. The ROM tests comprised of active and passive ROM tests
relevant for running performance. The following will present a summary of the outcomes
from Experiments 1 and Experiment 2 presented in this thesis.
Experiment 1 (presented in Chapter 5) evaluated the validity of the novel test batteries
for coordination and ROM for running. The results show the ROM test entitled heel pull
distance on the least affected limb explained 39% and 58% of the variance in acceleration
(0–15 m) and top speed (30–60 m) time and dorsiflexion lunge explained 46% and 53% of
the variance in acceleration (0–15 m) and time for top speed (30–60 m) in runners with
brain impairments. The runners with brain impairments were significantly slower than
non-disabled runners in all coordination tests (p<0.05) however none of the tests signifi-
cantly correlated to running performance. Two valid ROM tests for running are identified:
the dorsi-flexion lunge and the heel pull distance on the least affected limb showed the
most promise in future research, which could be incorporated into the current methods of
classification. This is because; these novel methods have established reliability and validity
in RBI offering useful alternatives for ROM evaluation. The novel coordination tests did not
correlate to running performance and therefore are not useful for classification. However,
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these tests may be useful in determining the minimum coordination impairment criteria for
eligibility in Paralympic sport. This is because this experiment identified a significant differ-
ence in performance on the coordination tests comparing RBI and NDR. This experiment
provides an exemplar of the core research required to develop evidence-based methods of
classification for running.
Experiment 2 (presented in Chapter 6) evaluated the validity of five novel upper limb and
five lower limb tests and seated and standing-throw performance in throwers with brain
impairments. The results demonstrate that throwers with brain impairments performed
significantly slower on all coordination tests (p < 0.01) compared to non-disabled par-
ticipants. Significant correlations were reported for all upper limb coordination tests and
seated throwing with an assistive pole (p < 0.05) and seated throwing without an assistive
pole (p < 0.05). For standing-throw performance, the box and block was the only coordina-
tion test, which significantly correlated to standing-throw performance (r = 0.81, p < 0.01),
and there was no association between the lower limb coordination tests and standing-throw
performance. The outcomes from this experiment demonstrate that novel coordination tests
effectively capture impairment, because a significant difference in performance was identi-
fied between throwers with brain impairments and non-disabled participants. This experi-
ment provides five valid upper limb coordination tests, which are appropriate for use in de-
termining the extent to which coordination impairment affects seated-throw performance.
The box and block test provides a strong rationale for inclusion as a coordination test with
possible utility in the current classification system. In comparison to the current methods of
assessing coordination impairment for throwing performance (e.g. the finger-to-nose test),
these methods provide reliable, ratio-scaled, sports specific evaluation of coordination valid
for Paralympic throwing.
In the context of classification, a valid measure of impairment requires a number of
important measurement properties, one being that it should be resistant to training. Un-
fortunately it is likely that most available measures of impaired strength, ROM and co-
ordination will improve in response to athletic training, creating the possibility that well
trained athletes may improve their impairment profile and subsequently be competitively
disadvantaged by being placed into a class with athletes with less severe impairments than
themselves. Therefore a secondary battery of tests entitled Training Assessment Tests (TAT)
is required that will provide classifiers with tests which will differentiate athletes who are
well trained from those who are not (Beckman and Tweedy 2009). This thesis evaluated the
validity of TATs for RBI (Experiment 3 presented in Chapter 7) and developed and evalu-
ated the reliability and validity of TAT for seated-throw and standing-throw (Experiment 4
presented in Chapter 8).
Experiment 3 (presented in Chapter 7) reported the validity of novel TATs for running in
RBI. The experiment evaluated the validity of five TATs (standing broad jump (SBJ), four
bounds for distance (4 bounds), 10 m speed skip (skip), running in place (RIP) and the split
jump (split jump)) and running performance; acceleration (0–15 m) and top speed (30–60
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m). The results report a significant difference in performance on the TAT battery for RBI
compared to NDR, except for the 10 m skip. The best correlations with the acceleration
phase were 4 bounds, and skip and four bounds for RBI (r = −0.79, r = −0.93) and NDR
(r = −0.59, r = −0.70). The best correlations with top speed were 4 bounds and SBJ for
RBI (r = −0.94, r = −0.67) and 4 bounds and skip for NDR (r = −0.67, r = −0.61). The
outcomes of this experiment are useful in contributing to the current methods of classifica-
tion, and for coaches and athletes. This experiment identified three valid TATs for running
in RBI. Current classifiers are required to use their experience and judgement to determine
an athlete’s training status during the classification process. The reliable and valid TATs
identified by this experiment, could be used to objectively determine an athlete’s level of
training, thus providing classifiers with tools to improve decision-making for classification.
Furthermore, the outcomes from this experiment are useful for athletes and coaches. This
is because valid TATs are highly training responsive, and as such the results of this experi-
ment identified activities which emphasise lower limb power (e.g. SBJ, 4 bounds) that are
determinants of acceleration and top speed running and therefore could be included in
training drills for athletes with disabilities.
The criteria of a valid TAT are consistent with those for talent identification (TID). This
allowed the presentation of Experiment 4 as a talent identification experiment. This exper-
iment provides novice participants an indication if they would be best suited to throwing
and hence provide motivation to participate in that sport. This is because success is a potent
social motivator for sports participation (Vallerand and Rousseau 2001).
Experiment 4 (presented in Chapter 8) reports the reliability and validity of novel TAT
for seated-throw and standing-throwing for implementation in talent identification. The
recruitment of non-disabled participants was necessary because there is currently no way
to control for the confounding influence of impairment on performance (Beckman and
Tweedy 2009). Therefore, this was an important decision providing a critical foundation for
future investigation of TATs in athletes with disabilities and for use in Paralympic classifica-
tion. The results show that the tests are reliable with a mean ICC of r = 0.89 and acceptable
Standard Error of Measurement and Bland-Altman plots, with the exception of the iso-
metric maximum voluntary contraction (IMVC) and standing force throw requiring more
familiarisation. Five of the novel TID tests developed for this study significantly correlated
with throwing performance, including seated force throw (mean rs = 0.72) which assess an
athlete’s ability to generate segmental acceleration to achieve maximum speed and force;
target throw (mean rs = 0.66) which assesses optimal timing of implement release; IMVC
(mean rs = 0.59) which assesses the ability to synchronise maximum contraction; and side
step shuttle (mean rs = −0.48) which assesses lower limb lateral agility. The results of this
experiment, demonstrate a reliable and valid TID tests for seated-throwing and standing-
throwing.
To our knowledge, this is the first experiment reported in the peer-reviewed literature
for TID for throwing events developed for people with disabilities. The outcomes of Experi-
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ment 4 provide reliable and valid tests suitable for implementation in national talent search
programs. The ability to identify talented throwers would promote sports participation for
athletes and for the spectators, because success and close competition are motivators for
sports engagement (Vallerand and Rousseau 2001). Secondly, the issue of training is a sig-
nificant concern for stakeholders in classification because of the affect it might have on class
allocation and therefore competition outcome. In the future, these TATs could be used in
conjunction with impairment tests, to provide classifiers with tests to objectively determine
how well trained an athlete is, ensuring robust and evidence-based methods to allocate and
determine an athlete’s class.
Overall, the findings of the experiments presented in this thesis, demonstrate valid tests
of impairments (coordination and ROM) and TAT (running and throwing). Specifically, this
thesis reports: novel reciprocal tapping and discrete tasks effectively evaluate impaired coor-
dination in runners and throwers with brain impairments; and novel ROM tests comprising
active and passive measures were valid in evaluating impaired ROM in runners with brain
impairments. These results contribute significantly to the evidence required to evaluate the
relationship between impairment and athletic performance for Paralympic classification.
Specifically, this thesis addresses four of the twelve investigations required. The outcomes
of this thesis also demonstrate; three valid TATs for running; and novel TATs for throw-
ing were generally reliable and identified five tests which correlated to throw performance.
These results contribute to three of the four relationships required to be investigated for
evidence-based classification for the relationship between TAT and performance.
9.2 future directions
In the future, research which aims to contribute to the development of evidence-based meth-
ods of classification should: continue to investigate the relationships evaluating measures
of impairment and tests of performance, and training assessment tests and tests of perfor-
mance; consider the process of the translation of the project from research into practice and
lastly, investigate intentional misrepresentation of skills and/or ability (IM).
Firstly, future research should continue to investigate the nine remaining relationships
which include the evaluation of the strength of association between measures of ROM for
throwing and wheelchair racing; measures of coordination for wheelchair performances.
Fortunately, a novel battery of strength for use in wheelchair racing has been reported in
the literature (Beckman et al. 2014), which contributes to methods of evidence-based clas-
sification. The remaining evaluation for strength assessment for running and throwing is
also required. Future research should aim to recruit larger samples of athletes with diverse
types and severities of impairments to enable informative statistical analysis which will
establish the extent to which a combination of impairments - strength, ROM and coordina-
tion - impact on sports performance in running, wheelchair racing, standing-throwing and
seated-throw.
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This thesis reported the strength of association between TATs and performance in run-
ning and seated-throwing and standing -throwing. The only remaining investigation re-
quired to be developed is that for wheelchair racing and wheelchair performance. In addi-
tion, it is also necessary to determine the extent to which performance on TATs change with
athletic training. A key feature of a TAT is that it is highly responsive to training. Future
research should determine how much sports specific training influences performance on
individual TAT e.g. the standing broad jump. This will be possible through recruitment of
novice/untrained runners, to undergo a prescribed training regime aimed to promote im-
provements in lower limb power and establish the change in performance on the standing
broad jump.
Upon completion of the evaluation of the relationship between - impairment and perfor-
mance, and the relationship between training assessment tests and performance - the valid
measures of impairment (coordination, ROM and strength) will be determined for each of
the disciplines in athletics - running, throwing and wheelchair racing. Valid tests will be
those that have the measurement properties required, and which have a sufficiently large
and significant association with performance in athletes with disabilities. Tests which meet
these criteria can then be analysed using appropriate multivariate statistical procedures to
identify a battery of tests that will, in combination, provide an evidence-based indication of
the extent to which a given athlete’s impairment profile will impact on athletic performance.
This will enable the appropriate tests to then be evaluated using a regression analysis, to
determine the extent to which a combination of coordination, ROM and strength measures
impact on athletic performance in running, wheelchair racing, standing-throw and seated-
throwing. The valid TATs will then be used to provide classifiers with tests which will
differentiate athletes who are well trained from those who are not.
Seondly, the practical implementation of an evidence-based system of classification re-
quires consideration of the translation of the research to practice. This necessitates comple-
tion and collation of all research - presented in part by this thesis - as described previously
(Figure 9.1) and the implementation of the evidence to Paralympic competition. For this to
be effective, the transmission of research methods across Paralympic sports requires: the
testing of a large number of athletes across various sports; a systematic education of ath-
letes, coaches and other stakeholders of new classification system to ensure understanding
of class process and to ensure the successful adoption of evidence based-classification to the
invested parties. Fortunately, the disciplines in Paralympic athletics - running, wheelchair
racing, standing-throw and seated-throw - form some of the fundamental activities for the
other 21 Paralympic sports. Therefore, this thesis effectively positions future translation,
fast-tracking the development of methods for use in other sports. This includes the adop-
tion of relevant methods, specialised equipment and sports specific set up of methods, from
the current research completed to other Paralympic sports. For example, the methods for
novel upper limb coordination tests for throwing could potentially be used for other throw-
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dominant sports including Boccia, while the novel coordination and ROM tests for running
could be potentially implemented in run-dominant sports such as 5 or 7-a-side football.
Thirdly, future research should aim to investigate intentional misrepresentation of skills
and/or ability (IM) to safe guard against athletes who cheat. During classification, athletes
might be motivated to IM in order to alter the class they compete in potentially maximising
their chances of success. The incentives for winning at the Paralympic games include the
prestige and/or potential financial gains for representing country and/or sponsorship. The
validity of the tests relies on athletes performing maximal efforts for all activities. However
athletes who perform submaximally - present themselves as ‘more impaired’ than they
actually are – can be placed into a class with athletes who are more impaired than they are,
establishing a competitive advantage.
The notion of IM in the IPC Classification Code and International Standards is described
as a serious offence with consequences to the athletes or the athletes support personnel in-
cluding a lifetime ban from competition (IPC 2007b). Despite the serious penalties for IM, in
the absence of an objective measure to determine if an athlete is intentionally misrepresent-
ing their skills and/or ability, convicting a suspected athlete is problematic. Therefore, tests
are required that assess maximal effort of athletes during the classification process in order
to contribute further to the field of research. These are necessary to protect the integrity of
evidence-based classification against athletes IM. The reporting of the research outcomes
pertaining to IM will contribute to the legitimacy of an evidence-based classification system
for Paralympic athletics.
In summary, the future research required towards the development of evidence-based
classification in Paralympic athletics includes completion of the research evaluating the
strength of association between measures of impairment, TAT and performance, translation
of research to practice on a world scale and the development of IM methods. The contri-
butions of this thesis and key research findings make a significant contribution towards
the development and evaluation of novel measures of impairment, tests of performance
and training assessment tests. The outcomes from this thesis offer critical steps, knowledge
and methodologies which provide a foundation for future research, creating successful
evidence-based classification system for Paralympic Athletics with implications for the re-
maining 21 Paralympic sports.
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